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Gold Nanoparticles Protected with Thiol-Derivatized
Amphiphilic Poly(E-caprolactone)-b-poly(acrylic acid)
Irakli Javakhishvili and Søren Hvilsted*
Technical University of Denmark, Department of Chemical and Biochemical Engineering, Danish Polymer
Centre, Building 423, DK-2800 Kgs. Lyngby, Denmark
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Amphiphilic poly(-caprolactone)-b-poly(acrylic acid) (HS-PCL-b-PAA) with a thiol functionality in the PCL
terminal has been prepared in a novel synthetic cascade. Initially, living anionic ring-opening polymerization
(ROP) of -caprolactone (-CL) employing the difunctional initiator, 2-hydroxyethyl 2-bromoisobutyrate, followed
by esteriﬁcation with 2,4-dinitrophenyl- or 4-monomethoxytrityl-protected mercaptoacetic acids (Prot-), provided
well-deﬁned PCL macroinitiators capped with protected thiols. The macroinitiators allowed atom transfer radical
polymerization (ATRP) of tert-butyl acrylate (tBA) in a controlled fashion by use of NiBr2(PPh3)2 catalyst to
produce Prot-PCL-b-PtBA with narrow polydispersities (1.17-1.39). Subsequent mild deprotection protocols
provided HS-PCL-b-PAA. Reduction of a gold salt in the presence of this macroligand under thiol-deﬁcient
conditions afforded stable, aggregation-free nanoparticles, as evidenced from UV-vis spectroscopy and transmission
electron microscopy (TEM), the latter revealed nanoparticles with a mean diameter of 9.0 ( 3.1 nm.
Introduction
Gold nanoparticles (AuNPs) are envisioned to be superior to
polymeric micelles as candidates for constructing drug delivery
devices. Encapsulation and controlled release of drugs, as well
as adequate masking from reticuloendothelial system (RES)
remain as a challenge in the case of the polymeric micelles.1
On the contrary, monolayer protected AuNPs offer improved
stability, low toxicity, versatility of surface functionalities, and
small size, rendering them unrecognizable by RES, and thus
may serve as excellent reservoirs for hydrophobic drugs.
Tailoring the surface properties of the AuNPs bestows the
system site-speciﬁcity and prolonged circulation time.1,2 Anti-
body conjugated AuNPs provide high contrast for noninvasive
imaging of targeted cancer tissues.3 AuNPs with tunable optical
properties ﬁnd application in thermal ablative therapy for
cancer.4
AuNPs are generally prepared by reduction of HAuCl4 in a
boiling sodium citrate solution or in the presence of thiol capping
ligands. Using polymeric ligands as stabilizers has attracted
much attention due to the enhanced stability they impart to
AuNPs. Moreover, they provide better means to alter the surface
properties, solubility, and compatibility of AuNPs.5
Numerous studies were reported where amphiphilic block
copolymer micelles were utilized for stabilization of AuNPs.5,6
Biocompatible and biodegradable poly(-caprolactone)-b-
poly(ethylene oxide) has been end-functionalized with disulﬁde
moiety and employed as the ligand for protection of AuNPs,
which may be exploited as drug delivery device as well as for
subcellular localization studies.7
Zhang et al. have prepared water miscible shell cross-linked
nanoparticles based on diblock copolymers of poly(-caprolac-
tone) (PCL) and poly(acrylic acid) (PAA) and obtained nanos-
cale cage-like membranes after hydrolysis of PCL core.8
Herein, we report about synthesis of thiol-functionalized
amphiphilic diblock copolymer HS-PCL-b-PAA and demon-
strate its capacity in passivation of AuNPs. PCL, comprising
the core of the nanoparticle, is biocompatible and exhibits high
permeability to small drug molecules,9 whereas PAA, constitut-
ing the shell, is biocompatible and mucoadhesive.10 Therefore,
the AuNPs may have potential as drug carriers in bladder cancer
therapy.
Experimental Section
Materials and Methods. tert-Butyl acrylate (tBA; Aldrich, 98%)
and -caprolactone (-CL; Fluka, g99%) were dried over CaH2 and
distilled under reduced pressure. Tetrahydrofuran (THF; Sigma-Aldrich,
99.9%), dichloromethane (DCM; Sigma-Aldrich, 99.8%), chloroform
(Sigma-Aldrich, 99.8%), N,N-dimethylformamide (DMF; Fluka, 99.8%),
and triethylamine (TEA; Sigma-Aldrich, 99%) were dried over CaH2,
and distilled under nitrogen ﬂow. Tin octoate (Sn(Oct)2; Sigma, ∼95%)
was distilled under reduced pressure. Diethyl ether (Sigma-Aldrich,
99.5%) was kept over molecular sieves. Methanol (Sigma-Aldrich,
99.9%), heptane (Sigma-Aldrich, 99%), anhydrous ethylene glycol
(Aldrich, 99.8%), 2-bromoisobutyryl bromide (Aldrich, 98%), mer-
captoacetic acid (Aldrich, 99+ %), 4-methoxytriphenylchloromethane
(Mmt-Cl; Fluka, g97%), N,N-diisopropylethylamine (DIPEA; Sigma-
Aldrich, 99.5%), 1-ﬂuoro-2,4-dinitrobenzene (Sigma, 99%), diethyl
azodicarboxylate (DEAD; Aldrich), triphenylphosphine (TPP) (Fluka,
∼97%),NiBr2(PPh3)2(Aldrich,99%),CuBr(Aldrich,98%),N,N,N′,N′,N′′-
pentamethyldiethylenetriamine (Aldrich, 99%), ethanethiol (Aldrich,
97%), triﬂuoroacetic acid (TFA; Sigma-Aldrich, g98%), triethylsilane
(TES; Aldrich, 99%), lithium borohydride (2.0 M solution in THF;
Aldrich), and gold(III) chloride trihydrate (Sigma-Aldrich, 99.9+%)
were used as received. 2-Hydroxyethyl 2-bromoisobutyrate (HEBI) was
synthesized according to the literature procedure.11 R-(2,4-Dinitrophe-
nylthio)acetic acid (dNPTAA) was prepared as described elsewhere.12
The synthesis of R-(4-monomethoxytritylthio)acetic acid (MmtTAA)
was carried out according to the literature procedure.13 Dialysis tubing
(regenerated cellulose, MWCO 12000-14000) was obtained from
Membrane Filtration Products, Inc. Carbon-coated copper grids (200
mesh) were purchased from Electron Microscopy Sciences.
Characterization by 1H NMR was conducted on Bruker 250 MHz
spectrometer using CDCl3 or DMSO-d6 as solvents (both from Aldrich).
All spectra were recorded with 32 scans. Molecular weights and
polydispersity indices were estimated by size exclusion chromatography* To whom correspondence should be addressed. E-mail: sh@kt.dtu.dk.
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(SEC) on Viscotek 200 instrument using two PLgel mixed-D columns
(Polymer Laboratories (PL)), assembled in series, and a refractive index
detector. SEC samples were run in THF at room temperature (1 mL/
min). Molecular weights were calculated using polystyrene (PS)
standard from PL using TriSEC software. FT IR analysis was conducted
on Perkin-Elmer Spectrum One apparatus. The spectra were recorded
in the range of 4000-600 cm-1 with 4 cm-1 resolution and 32 scans.
UV-visible spectrum has been recorded on Perkin-Elmer Lambda 5
spectrometer. The sample for UV-visible spectroscopy was prepared
by shaking the solution of the gold nanoparticles in distilled water (1
mg/ml) for 3 h. Transmission electron microscopy (TEM) image of
the gold nanoparticles was acquired on FEI Titan microscope operated
at 300 kV. Sample for TEM was prepared by evaporating droplets of
the solution of the gold nanoparticles in distilled water (8 mg/ml) on
copper grids.
Synthesis. All reactions were carried out under a nitrogen atmosphere.
Ring-Opening Polymerization of E-CL. The glass equipment was
dried in the oven at 150 °C. A two-neck ﬂask and a Schlenk tube were
equipped with stirring bars and rubber septa, and dried with heat-gun:
twice while evacuating and once under a nitrogen ﬂow.
The two-neck ﬂask was charged with Sn(Oct)2 (0.2454 g, 0.61 mmol)
and THF (4 mL), and the solution was stirred for 30 min. HEBI (0.2840
g, 1.35 mmol) was weighed in a glass vial and dissolved in THF (0.95
mL). -CL (7.7 mL, 72.6 mmol), a solution of HEBI, and a solution of
Sn(Oct)2 were introduced into the Schlenk tube under a nitrogen ﬂow.
Reaction mixture was stirred and purged with nitrogen at room
temperature for 30 min: it turned from opaque to transparent. Then the
tube was immersed into preheated oil bath at 62 °C, and the reaction
was carried out for 13 h. Reaction mixture was allowed to cool down
to ambient temperature. It was exposed to air, diluted with THF, and
precipitated into 10-fold excess of cold MeOH. The polymer was
recovered via ﬁltration, and dried in the vacuum oven at room
temperature until constant weight. Degree of polymerization (DP),
designated as n, has been estimated from 1H NMR spectrum (Figure
S1) by comparing the integral of the resonance peak arising from the
methylene group located next to the hydroxy chain end to the integral
of the resonance peak corresponding to the methylene group in the
repeating unit. n ) 30, Mn ) 3640 (by 1H NMR), Mn ) 6100 (by
SEC), and Mw/Mn ) 1.09 (by SEC).
νmax/cm-1 2945, 2866, 1722, 1471, 1419, 1397, 1366, 1293, 1239,
1175, 1108, 1046, 961, 841, 732. δH (250 MHz; CDCl3) 4.28-4.39
(4H, m, BrC(CH3)2C(O)OCH2CH2OC(O)(CH2)5), 4.04 (2H, t, J1,3 )
6.7, -(CH2)4CH2OC(O)-), 3.63 (2H, t, J1,3 ) 6.4, -(CH2)4CH2OH,),
2.29 (2H, t,J1,3)7.5, -OC(O)CH2(CH2)4-), 1.92 (6H, s,BrC(CH3)2C(O)-
O-), 1.63 (4H, m, -OC(O)CH2CH2CH2CH2CH2-), 1.36 (2H, m,
-OC(O)CH2CH2CH2CH2CH2-).
End-Functionalization of PCL with dNPTAA. (1) A previously
dried 50 mL two-neck ﬂask was charged with Br-PCL-OH (3 g, 0.82
mmol), dNPTAA (0.761 g, 2.95 mmol), and TPP (0.764 g, 2.91 mmol).
THF (10 mL) was added, and the solution was stirred for 30 min at
room temperature and for 30 min in an ice/water bath. DEAD (0.45
mL, 2.86 mmol) was introduced dropwise, and the mixture was stirred
in an ice/water bath for another 30 min. Then it was allowed to warm
up to ambient temperature, and the reaction was carried out for 24 h.
The reaction mixture was diluted with THF (5 mL) and precipitated
into a large excess of cold MeOH. The product was isolated on ﬁlter
paper and dried in the vacuum oven at room temperature for 48 h. Mn
) 3880 (by 1H NMR), Mn ) 6200 (by SEC), and Mw/Mn ) 1.08 (by
SEC).
νmax/cm-1 2945, 2866, 1721, 1595, 1524, 1471, 1419, 1397, 1366,
1293, 1239, 1168, 1108, 1045, 961, 733. δH (250 MHz; CDCl3) 9.10
(1H, d, Jm ) 2.5, -Ar), 8.40 (1H, dd, Jm ) 2.5, Jo ) 9.0, -Ar), 7.72
(1H, d, Jo ) 9.0, -Ar), 4.29-4.40 (4H, m, BrC(CH3)2C(O)-
OCH2CH2OC(O)(CH2)5), 4.18 (2H, t, J1,3 ) 6.5, -(CH2)4CH2-
OC(O)CH2S-Ar), 4.05 (2H, t, J1,3 ) 6.7, -(CH2)4CH2OC(O)-), 3.84
(2H, s, OC(O)CH2S-Ar), 2.30 (2H, t, J1,3 ) 7.5, -OC(O)CH2-
(CH2)4-), 1.93 (6H, s, BrC(CH3)2C(O)O-), 1.65 (4H, m, -OC(O)CH2CH2-
CH2CH2CH2-), 1.37 (2H, m, -OC(O)CH2CH2CH2CH2CH2-).
End-Functionalization of PCL with MmtTAA. The protocol
described for end-functionalization of PCL with dNPTAA was employed.
(2a) Br-PCL-OH (0.9900 g, 0.27 mmol), MmtTAA (0.3784 g, 1.04
mmol), and TPP (0.2547 g, 0.97 mmol) were dissolved in THF (5 mL).
DEAD (0.15 mL, 0.95 mmol) was added dropwise to the resulting
solution. Mn ) 3990 (by 1H NMR), Mn ) 6300 (by SEC), and Mw/Mn
) 1.09 (by SEC).
νmax/cm-1 2945, 2866, 1721, 1608, 1509, 1471, 1419, 1397, 1365,
1293, 1239, 1165, 1107, 1044, 961, 807, 732.
δH (250 MHz; CDCl3) 6.81-7.44 (14H, m, -Ar), 4.30-4.40 (4H,
m, BrC(CH3)2C(O)OCH2CH2OC(O)(CH2)5), 4.05 (2H, t, J1,3 ) 6.7,
-(CH2)4CH2OC(O)-), 3.97 (2H, t, J1,3 ) 6.6, -(CH2)4CH2OC(O)CH2S-C-
(Ar)3), 3.79 (3H, s, CH3O-Ar), 2.95 (2H, s, OC(O)CH2S-C-(Ar)3),
2.30 (2H, t,J1,3)7.5, -OC(O)CH2(CH2)4-), 1.93 (6H, s,BrC(CH3)2C(O)-
O-), 1.64 (4H, m, -OC(O)CH2CH2CH2CH2CH2-), 1.38 (2H, m,
-OC(O)CH2CH2CH2CH2CH2-).
(2b) Br-PCL-OH (0.8500 g, 0.23 mmol), MmtTAA (0.3060 g, 0.84
mmol), and TPP (0.2190 g, 0.83 mmol) were dissolved in THF (4.30
mL). DEAD (0.13 mL, 0.83 mmol) was added dropwise to the resulting
mixture. Mn ) 3990 (by 1H NMR), Mn ) 7100 (by SEC), and Mw/Mn
) 1.08 (by SEC).
νmax/cm-1 2945, 2867, 1721, 1606, 1509, 1471, 1419, 1397, 1365,
1293, 1239, 1171, 1108, 1046, 961, 820, 732.
δH (250 MHz; CDCl3) 6.80-7.44 (14H, m, -Ar), 4.29-4.40 (4H,
m, BrC(CH3)2C(O)OCH2CH2OC(O)(CH2)5), 4.05 (2H, t, J1,3 ) 6.7,
-(CH2)4CH2OC(O)-); 3.96 (2H, t, J1,3 ) 6.7, -(CH2)4CH2OC(O)CH2S-
C-(Ar)3), 3.78 (3H, s, CH3O-Ar), 2.95 (2H, s, OC(O)CH2S-C-(Ar)3),
2.30 (2H, t,J1,3)7.5, -OC(O)CH2(CH2)4-), 1.93 (6H, s,BrC(CH3)2C(O)-
O-), 1.65 (4H, m, -OC(O)CH2CH2CH2CH2CH2-), 1.37 (2H, m,
-OC(O)CH2CH2CH2CH2CH2-).
ATRP of tBA from PCL Macroinitiator (1, 2). General Pro-
cedure. A previously dried Schlenk tube was charged with NiBr2(PPh3)2
and PCL macroinitiator (1 or 2). It was evacuated and backﬁlled with
nitrogen three times. tBA was injected, and three freeze-pump-thaw
cycles were performed. Reaction mixture was allowed to warm up to
ambient temperature while stirring, and then the tube was immersed
into preheated oil bath at 90 °C. Reaction was carried out under nitrogen
ﬂow. After certain time the reaction was quenched by immersing the
tube in dry ice/propanol-2 bath. Afterward, the reaction mixture was
exposed to air and diluted with THF. The catalyst was removed with
basic Al2O3. The solution was ﬁltered, concentrated under reduced
pressure, and precipitated into 10-fold excess of cold MeOH:H2O (10:
1) mixture. The block copolymer was isolated via ﬁltration, and dried
in the vacuum oven at room temperature until constant weight. DP of
PtBA block, designated as m, has been estimated by 1H NMR.
(3a) NiBr2(PPh3)2 (0.1570 g, 0.21 mmol) and 1 (1 g, 0.26 mmol)
were employed in ATRP of tBA (8.0 mL, 54.6 mmol). The reaction
was carried out for 48 h. n ) 30, m ) 31, Mn ) 7900 (by 1H NMR),
Mn ) 10800 (by SEC), and Mw/Mn ) 1.27 (by SEC).
νmax/cm-1 2972, 2939, 2867, 1722, 1596, 1524, 1458, 1393, 1366,
1294, 1243, 1188, 1145, 1109, 1047, 962, 845, 734.
δH (250 MHz; CDCl3) 9.10 (1H, d, Jm ) 2.5, -Ar), 8.41 (1H, dd,
Jm ) 2.5, Jo ) 9.0, -Ar), 7.72 (1H, d, Jo ) 9.0, -Ar), 4.22-4.29 (4H,
m, C(CH3)2C(O)OCH2CH2OC(O)(CH2)5), 4.18 (2H, t, J1,3 ) 6.6,
-(CH2)4CH2OC(O)CH2S-Ar), 4.05 (2H, t, J1,3 ) 6.7, -(CH2)4CH2OC-
(O)-), 3.85 (2H, s, OC(O)CH2S-Ar), 2.1-2.35 (3H, m, -OC-
(O)CH2(CH2)4- and CH2CH(COOC(CH3)3)), 1.57-1.9 (6H, m,
-OC(O)CH2CH2CH2CH2CH2- and CH2CH(COOC(CH3)3)), 1.43 (9H,
s, CH2CH(COOC(CH3)3)), 1.2-1.57 (4H, m, -OC(O)CH2CH2-
CH2CH2CH2- and CH2CH(COOC(CH3)3)), 1.13 (6H, s, -C(CH3)2C(O)-
O-).
(3b) NiBr2(PPh3)2 (0.0625 g, 0.084 mmol) and 1 (0.4 g, 0.103 mmol)
were employed in ATRP of tBA (2.6 mL, 17.7 mmol). The reaction
was carried out for 20 h. n ) 30, m ) 24, Mn ) 7000 (by 1H NMR),
Mn ) 10200 (by SEC), and Mw/Mn ) 1.17 (by SEC).
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(4a) NiBr2(PPh3)2 (0.1125 g, 0.15 mmol) and 2a (0.73 g, 0.18 mmol)
were employed in ATRP of tBA (5.8 mL, 39.6 mmol). The reaction
was carried out for 42 h. n ) 30, m ) 70, Mn ) 13000 (by 1H NMR),
Mn ) 15300 (by SEC), and Mw/Mn ) 1.39 (by SEC).
νmax/cm-1 2976, 2935, 2866, 1722, 1608, 1509, 1449, 1393, 1366,
1245, 1144, 1046, 963, 845, 732.
δH (250 MHz; CDCl3) 6.80-7.44 (14H, m, -Ar); 4.21-4.29 (4H,
m, C(CH3)2C(O)OCH2CH2OC(O)(CH2)5), 4.05 (2H, t, J1,3 ) 6.7,
-(CH2)4CH2OC(O)-), 3.97 (2H, t, J1,3 ) 7, -(CH2)4CH2OC(O)CH2S-
C-(Ar)3), 3.78 (3H, s, CH3O-Ar), 2.95 (2H, s, OC(O)CH2S-C-(Ar)3),
2.1-2.35 (3H, m, -OC(O)CH2(CH2)4- and CH2CH(COOC(CH3)3)),
1.57-1.9 (6H, m, -OC(O)CH2CH2CH2CH2CH2- and CH2CH(CO-
OC(CH3)3)), 1.43 (9H, s, CH2CH(COOC(CH3)3)), 1.2-1.57 (4H, m,
-OC(O)CH2CH2CH2CH2CH2- and CH2CH(COOC(CH3)3)), 1.13 (6H,
s, -C(CH3)2C(O)O-).
(4b) NiBr2(PPh3)2 (0.0598 g, 0.08 mmol) and 2b (0.4 g, 0.1 mmol)
were employed in ATRP of tBA (2.5 mL, 17.1 mmol). The reaction
was carried out for 20 h. n ) 30, m ) 50, Mn ) 10400 (by 1H NMR),
Mn ) 14000 (by SEC), and Mw/Mn ) 1.29 (by SEC).
Sequential Removal of 2,4-Dinitrophenyl and tert-Butyl Ester
Groups (Scheme 2, Route I). (3-(SH)-a) 3a (1.15 g, 0.15 mmol) was
placed in a previously dried two-neck ﬂask. Chloroform (20 mL) was
added, and the mixture was stirred until the polymer dissolved
completely. Ethanethiol (1.5 mL, 20.3 mmol) was injected, followed
by addition of TEA (1.3 mL, 9.3 mmol). Reaction was carried out
overnight at room temperature. The copolymer was precipitated into
large excess of cold MeOH/H2O (10:1) mixture. The product was
isolated on ﬁlter paper, and dried in the vacuum oven at room
temperature. Mn ) 7730 (by 1H NMR), Mn ) 13000 (by SEC), and
Mw/Mn ) 1.32 (by SEC).
νmax/cm-1 2942, 2867, 1722, 1458, 1393, 1366, 1295, 1244, 1191,
1144, 1109, 1047, 962, 845, 732.
δH (250 MHz; CDCl3) 4.20-4.30 (4H, m, C(CH3)2C(O)-
OCH2CH2OC(O)(CH2)5), 4.13 (2H, t, J1,3 ) 6.6, -(CH2)4CH2-
OC(O)CH2SH), 4.06 (2H, t, J1,3 ) 6.7, -(CH2)4CH2OC(O)-), 3.25 (2H,
d, J1,3 ) 8.2, OC(O)CH2SH), 2.1-2.38 (3H, m, -OC(O)CH2(CH2)4-
and CH2CH(COOC(CH3)3)), 1.99 (1H, t, J1,3 ) 8.2, OC(O)CH2SH),
1.57-1.9 (6H, m, -OC(O)CH2CH2CH2CH2CH2- and CH2CH-
(COOC(CH3)3)), 1.43 (9H, s, CH2CH(COOC(CH3)3)), 1.2-1.57 (4H,
m, -OC(O)CH2CH2CH2CH2CH2- and CH2CH(COOC(CH3)3)), 1.14
(6H, s, -C(CH3)2C(O)O-).
(3-(SH)-b) 3b (0.35 g, 0.05 mmol) was dissolved in chloroform (7
mL), and ethanethiol (0.46 mL, 6.2 mmol) and TEA (0.41 mL, 2.9
mmol) were added afterward. Mn ) 6830 (by 1H NMR), Mn ) 11300
(by SEC), and Mw/Mn ) 1.27 (by SEC).
(5b) A previously dried two-neck ﬂask was charged with 3-(SH)-b
(0.2 g, 0.70 mmol of tert-butyl ester) and DCM (1.3 mL). The solution
was stirred for 20 min at room temperature and for 15 min in an
ice/water bath. TES (0.3 mL, 1.9 mmol) and TFA (0.29 mL, 3.8 mmol)
were added, and the reaction mixture was stirred for 5 min in an ice/
water bath. Then it was allowed to warm up to room temperature.
Reaction was carried out for 24 h. The mixture was diluted with DCM
(3 mL) and precipitated into a large excess of cold diethyl ether/heptane
(1:1). The block copolymer was isolated on ﬁlter paper and washed
with diethyl ether/heptane (1:1). It was dried in the vacuum oven at
room temperature. Mn ) 5490 (by 1H NMR, assuming complete
removal of tert-butyl). νmax/cm-1 3400-2500, 2945, 2866, 1762, 1721,
1454, 1419, 1396, 1367, 1294, 1240, 1186, 1163, 1108, 1045, 961,
841, 732.
δH (250 MHz; DMSO-d6) 12.26 (1H, br s, CH2CH(COOH)),
4.10-4.25 (4H, m, C(CH3)2C(O)OCH2CH2OC(O)(CH2)5), 3.90-4.08
(4H, m, -(CH2)4CH2OC(O)CH2SH and -(CH2)4CH2OC(O)-), 3.31 (2H,
d, J1,3 ) 8.1, OC(O)CH2SH), 2.1-2.36 (3H, m, -OC(O)CH2(CH2)4-
and CH2CH(COOH)), 1.47-1.88 (6H, m, -OC(O)CH2CH2-
CH2CH2CH2- and CH2CH(COOH)), 1.23-1.43 (11H, m, CH2CH-
Scheme 1. Synthetic Pathway for Preparation of PCL Macroinitiators (1, 2)a
a Reagents and conditions: (a) Sn(Oct)2, 62 °C, THF; (b) dNPTAA, DEAD, TPP, THF; (c) MmtTAA, DEAD, TPP, THF.
Scheme 2. Synthetic Pathway for Preparation of HS-PCL-b-PAA (5, 6)a
a Reagents and conditions: (a) tBA, NiBr2(PPh3)2, 90 °C; (b) CH3CH2SH, TEA, CHCl3; (c) TFA, TES, CH2Cl2.
Table 1. Characteristics of Br-PCL-OH and PCL Macroinitiators
(1, 2) Estimated by SEC and 1H NMR
compound Mnb Mnc Mw/Mnc
Br-PCL-OHa 3640 6100 1.09
1 3880 6200 1.08
2a 3990 6300 1.09
2b 3990 7100 1.08
a DP of PCL estimated by 1H NMR is 30. b By 1H NMR. c By SEC.
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(COOC(CH3)3) and -OC(O)CH2CH2CH2CH2CH2-), 1.07 (6H, s, -C-
(CH3)2C(O)O-).
Simultaneous Deblocking of 4-Monomethoxytrityl and tert-
Butyl Ester Groups (Scheme 2, Route II). The reaction protocol was
similar to the one employed for preparation of 5a.
(6a) The solution of 4a (1 g, 5.38 mmol of tert-butyl ester) in DCM
(10 mL) was treated with TES (2.2 mL, 13.8 mmol) and TFA (2.1
mL, 27.3 mmol). Mn ) 8810 (by 1H NMR, assuming complete removal
of tert-butyl).
νmax/cm-1 3400-2500, 2942, 2866, 1762, 1719, 1702, 1453, 1416,
1367, 1239, 1157, 1106, 1045, 800.
δH (250 MHz; DMSO-d6) 12.26 (1H, br s, CH2CH(COOH)),
4.10-4.25 (4H, m, C(CH3)2C(O)OCH2CH2OC(O)(CH2)5), 3.90-4.08
(4H, m, -(CH2)4CH2OC(O)CH2SH and -(CH2)4CH2OC(O)-), 3.31 (2H,
d, J1,3 ) 8.1, OC(O)CH2SH), 2.1-2.36 (3H, m, -OC(O)CH2(CH2)4-
and CH2CH(COOH)), 1.47-1.88 (6H, m, -OC(O)CH2CH2-
CH2CH2CH2- and CH2CH(COOH)), 1.23-1.43 (11H, m, CH2-
CH(COOC(CH3)3) and -OC(O)CH2CH2CH2CH2CH2-), 1.07 (6H,
s, -C(CH3)2C(O)O-).
(6b) 4b (0.4 g, 1.92 mmol of tert-butyl ester) was dissolved in DCM
(3.5 mL) and treated with TES (0.81 mL, 5.1 mmol) and TFA (0.78
mL, 10.1 mmol). Mn ) 7330 (by 1H NMR, assuming complete removal
of tert-butyl).
νmax/cm-1 3400-2500, 2943, 2867, 1764, 1722, 1704, 1454, 1417,
1396, 1366, 1239, 1158, 1106, 1045, 960, 805, 732.
δH (250 MHz; DMSO-d6) 12.31 (1H, br s, CH2CH(COOH)),
4.10-4.25 (4H, m, C(CH3)2C(O)OCH2CH2OC(O)(CH2)5), 3.90-4.08
(4H, m, -(CH2)4CH2OC(O)CH2SH and -(CH2)4CH2OC(O)-), 3.31 (2H,
d, J1,3 ) 8.1, OC(O)CH2SH), 2.1-2.36 (3H, m, -OC(O)CH2(CH2)4-
and CH2CH(COOH)), 1.42-1.90 (6H, m, -OC(O)CH2CH2-
CH2CH2CH2- and CH2CH(COOH)), 1.20-1.42 (11H, m, CH2CH-
(COOC(CH3)3) and -OC(O)CH2CH2CH2CH2CH2-), 1.06 (6H, s, -C-
(CH3)2C(O)O-).
Preparation of Gold Nanoparticles. A 50 mL two-neck ﬂask had
been washed with distilled water and dried in the oven at 150 °C.
HAuCl4 ·3H2O (0.065 g, 0.165 mmol) and 6a (0.48 g, 0.054 mmol)
were placed in the ﬂask and dissolved in THF (16.2 mL). Resulting
transparent yellow solution was stirred in the dark under a nitrogen
atmosphere and at room temperature for 24 h. Afterward, freshly
prepared 0.25 M LiBH4 (3.3 mL, 0.825 mmol) was added quickly in
small aliquots under vigorous stirring. The reaction mixture immediately
turned from yellow to dark purple; violent gas evolution was observed.
Stirring continued for 4 h at room temperature. The reaction mixture
was then transferred into dialysis tubing. It was dialyzed against THF
for 48 h. The solution was then added dropwise to 20-fold excess of
diethyl ether. Dark purple precipitate fell out instantaneously. It was
isolated on ﬁlter paper and dried in the vacuum oven at room
temperature.
Results and Discussions
For preparation of HS-PCL-b-PAA dual initiator strategy
combining different living polymerization techniques has been
utilized.14 ROP of -CL from double-headed initiator, 2-hy-
droxyethyl 2-bromoisobutyrate (HEBI),11 afforded heterotelech-
elic PCL bearing hydroxy and bromoester end groups (Scheme
1, a). The polymerization was catalyzed with tin octoate
(Sn(Oct)2). Undesirable side effects that could originate from
high initial catalyst concentration (∼0.05 M) and low initial
initiator to catalyst ratio (∼2.2) was counteracted by conducting
the polymerization at low temperature (62 °C) and thus
suppressing collateral esteriﬁcation and transesteriﬁcation reac-
tions involving HEBI and liberated octanoic acid.15,16 The
monomer conversion determined gravimetrically is about 59.6%,
which corresponds to the DP of 32. The DP estimated from 1H
NMR experiment is approximately 30 (Figure S1). This, together
with symmetrical size exclusion chromatography (SEC) trace
and narrow polydispersity index (PDI, Table 1), indicates almost
quantitative incorporation of the dual initiator and minimal share
of side reactions. Hence, better control over the reaction is
achieved under these conditions rather than when lower catalyst
concentration, elevated temperature, and prolonged reaction time
are used.11
Incorporation of a protected thiol functionality was attained
by esteriﬁcation of hydroxy chain end of PCL with R-(2,4-
dinitrophenylthio)acetic acid (dNPTAA) using diethyl azodi-
carboxylate (DEAD) and triphenylphosphine (TPP) in modiﬁ-
cation of the synthetic protocol which had previously been
exercised by Trollsås et al.17 (Scheme 1, b). Br-PCL-dNPTA 1
with near to quantitative functionalization (estimated from 1H
NMR data, Figure S2) and narrow polydispersity was obtained
(Figure S3, Table 1, 1).
Br-PCL-dNPTA 1 was employed as macroinitiator in sub-
sequent ATRP of tBA (Scheme 2, a). ATRP of tBA mediated
by NiBr2(PPh3)2 was carried out in bulk at 90 °C. Less than
stoichiometric amount of the catalyst (0.8 equiv in comparison
to the initiating site) was taken as advocated by Hedrick et al.18
to avoid unsymmetrical SEC traces.
High monomer concentration overpowered otherwise sluggish
polymerization.19 Ratio of the initial molar concentrations of
the monomer and initiator [M]0/[I]0 was decreased from 210
for 3a to 170 for 3b. This signiﬁcantly decreased polymerization
time necessary to attain similar monomer conversion (Table 2).
SEC revealed narrow molecular weight distribution and no
unreacted macroinitiator indicating good control over the
reaction (Figure 1).
1H NMR spectrum of 3b (Figure 2) conﬁrmed successful
formation of the PtBA block and preservation of protected thiol
Table 2. Conditions of ATRP and Characteristics of PCLn-b-PtBAm (3, 4) Estimated by SEC and 1H NMR
compound [M]0/[I]0/[cat]0a reaction time, h n m Mn (1H NMR) Mn (SEC) Mw/Mn (SEC)
3a 210:1:0.8 48 30 31 7900 10800 1.27
3b 170:1:0.8 20 30 24 7000 10200 1.17
4a 220:1:0.8 42 30 70 13000 15300 1.39
4b 170:1:0.8 20 30 50 10400 14000 1.29
a Ratio of initial molar concentrations of the monomer to initiator and catalyst.
Figure 1. SEC trace of PCL-b-PtBA 3b.
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functionality. DP of PtBA block has been determined by
comparison of the integral of the resonance h, which is ascribed
to the methylene group from PCL repeating unit, to the
resonance d,p, which corresponds to d methylene protons in
PCL and p methine proton in PtBA repeating units, respectively.
The results for diblock copolymers prepared from the
macroinitiator Br-PCL-dNPTA 1 are summarized in Table 2
(3a, 3b).
Viability of the CuBr/N,N,N′,N′,N′′-pentamethyldiethylen-
etriamine (PMDETA) catalyzed ATRP of tBA from Br-PCL-
dNPTA 1 macroinitiator was assessed by conducting the reaction
in bulk at 100 °C. This resulted in the block copolymer with
broad molecular weight distribution (1.5). The SEC trace was
asymmetrical with shoulder appearing on the high molecular
weight side. The poor control over the reaction may be ascribed
to the loss of the catalyst activity due to possible ligation of
copper with 2,4-dinitrophenyl group or with the polyester
backbone. Liberated PMDETA may engage in undesirable side
reactions by attacking electrophilic carbonyl carbon atoms, and
thus induce scission of PCL chain. Investigation of the possible
adverse effect that nucleophilic nitrogen exerts on PCL is
underway.
Removal of 2,4-dinitrophenyl protecting group from 3 was
conducted in CHCl3 using large excess of ethanethiol in the
presence of triethylamine (TEA) according to the procedure
reported by Carrot et al.12 This provided HS-PCL-b-PtBA
(Scheme 2, Ib). Full deprotection was conﬁrmed by 1H NMR
(Figure 3) and FT IR spectroscopy: the three resonance peaks
arising from 2,4-dinitropenyl group disappear completely, while
the resonance peak attributed to the methylene protons next to
the thiol functionality (designated as j) shifts upﬁeld from 3.85
ppm to 3.25 ppm, and is split into doublet due to coupling with
the thiol proton. The latter appears as a triplet q at 1.99 ppm.
Furthermore, in FT IR spectrum bands at 1596 cm-1 and 1524
cm-1, corresponding to asymmetrical and symmetrical stretching
of the NO bonds, are no longer detectable.
Figure 2. 1H NMR spectrum of PCL-b-PtBA 3b.
Figure 3. 1H NMR spectrum of HS-PCL-b-PtBA 3-(SH)-a.
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Slight broadening of the molecular weight distribution, and
peculiar shift of the hydrodynamic volume, similar to the one
reported by Carrot et al.,20 were observed (Figure 4). This
phenomenon may be attributed to intra- and intermolecular
interactions that arise after unmasking of sulfhydryl functionality
as well as to the interaction with SEC column.
Selective cleavage of tert-butyl ester groups of 3 was carried
out in CH2Cl2 employing triﬂuoroacetic acid (TFA)21 and
triethylsilane (TES) as the cation scavenger22 (Scheme 2, Ic).
Under these relatively mild conditions (2 M TFA) almost
complete deprotection of PtBA was achieved.
However, thiols are inclined to auto-oxidation and disulﬁde
formation under basic conditions23 as well as when in contact
with air, which may decrease the effectiveness of the macro-
ligand in stabilization of AuNPs.24 Moreover, removal of 2,4-
dinitrophenyl protecting group is reversible and demands large
excess of low molecular weight thiol to shift the equilibrium to
the macrothiol.12,20 Therefore, it would be an advantage to make
use of thiol protecting group deblocking of which could be
irreversibly carried out concurrently with the cleavage of tert-
butyl ester groups. Such a reaction would be run under acidic
conditions, and would limit the time of contact of the macrothiol
with air as well.
4-Monomethoxytrityl (Mmt) group has been successfully
employed in peptide synthesis as sulfhydryl protection for
mercapto acids: It is very acid-labile, succumbs to irreversible
deprotection, and can be removed simultaneously with tert-butyl
ester groups when treated with TFA in CH2Cl2/TES.13 Indeed,
it proved to be an efﬁcient and convenient protecting group in
the synthesis of thiol-derivatized HS-PCL-b-PAA.
Protection of mercaptoacetic acid with Mmt was accom-
plished by reacting the acid with 4-monomethoxytrityl chlo-
ride.13 Esteriﬁcation of PCL with R-(4-monomethoxytritylth-
io)acetic acid (MmtTAA) was conducted as described for Br-
PCL-dNPTA 1 (Scheme 1, c). This yielded Br-PCL-MmtTA 2
with near quantitative functionalization (Figure S4) and low PDI
(Figure S5, Table 1, 2a, 2b).
Br-PCL-MmtTA 2 was successfully chain-extended by ATRP
of tBA resulting in block copolymer 4 (Scheme 2, a). Interest-
ingly, under similar conditions, macroinitiator 2 afforded higher
DP of tBA than macroinitiator 1 (Table 2). This may be
attributed to hypothetical interaction of the thiol protecting
groups with catalytic center in ATRP. However, SEC analysis
produced monomodal trace with fairly narrow molecular weight
distribution, which proved absence of any undesirable side
reactions, and high efﬁcacy of the macroinitiator (Figure 5).
1H NMR spectrum of the block copolymer 4a (Figure 6)
reveals all characteristic resonances: k and l (overlap with the
residual solvent peak) as well as m correspond to the thiol-
protecting Mmt moiety. The methylene group next to the sulfur
atom gives rise to singlet j, indicating that no deblocking
reaction took place. Had the partial deblocking reaction occurred
during the ATRP of tBA, the methylene group would have
produced at least two resonances corresponding to the -CH2-
group next to the protected thiol, and to that next to the free
thiol. Hence, besides singlet j, one would observe a doublet or
a singlet with different chemical shift value originating from
HS-CH2- fragment. As long as the methylene group resonates
as a singlet at 2.95 ppm only, we may conclude that there are
none (or negligible amount) of the other types of methylene
groups.
DP of the PtBA blocks is estimated in a similar manner as
for 3.
Simultaneous deblocking of Mmt and tert-butyl ester groups
by treating PCL-b-PtBA 4 with TFA (2 M) in CH2Cl2/TES
provided 6 (Scheme 1, IIc). 1H NMR data conﬁrmed the
preservation of PCL backbone: ratio of integrals of the
resonances originating from PCL and PtBA repeating units (h
and d,p, respectively) remained almost unaltered after depro-
tection (Figures 6 and 7).8 Singlet m attributed to the methoxy
group of the protecting species disappears completely, while
singlet j, originating from the methylene group next to the sulfur
atom, shifts downﬁeld and is split into doublet. Broad resonance
r at 12.26 ppm originates from liberated carboxylic groups
(Figure 7). Peak at 1.42 ppm must be attributed to the residual
tert-butyl ester units, amount of which has been estimated to
be approximately 5%. Amphiphilic nature, which the block
copolymer acquires during the course of the deprotection
reaction, must be the reason of incomplete deprotection: PAA
blocks may be shielded by PCL blocks from unfavorable
interactions with CH2Cl2, which in turn debars TFA from
effective interactions with tert-butyl ester groups within the coil.
That PCL block remains essentially intact is vital for the
following step of the particle formation. Loss of the thiol
functionality due to the chain scission would render the block
copolymer impotent in passivation of the gold nanoparticles.
AuNPs were synthesized according to a modiﬁed literature
procedure:7 To the solution of 6a (0.054 mmol) and gold(III)
chloride trihydrate (0.165 mmol) in THF (16.2 mL) was quickly
added freshly prepared solution of lithium borohydride (0.825
mmol). Reduction was marked with immediate change of color
from yellow to purple and vigorous gas evolution. Thus, gold
nanoparticles were formed employing 3-fold excess of the gold
salt compared to the macrothiol. No insoluble matter was
Figure 4. SEC traces of PCL-b-PtBA 3a and HS-PCL-b-PtBA 3-(SH)-
a.
Figure 5. SEC trace of PCL-b-PtBA 4b.
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observed under these thiol-deﬁcient conditions. UV-visible
spectrum of water solution of the nanoparticles (Figure 8A)
exhibits absorption at 522 nm-1, a characteristic for aggregation-
free AuNPs.25 Transmission electron microscopy (TEM) image
shows well-separated AuNPs with moderate dispersity. The
particles shown in Figure 8B have a mean diameter of 9.0 (
3.1 nm.
Conclusions
In summary, we have demonstrated the ease of preparation
of well-deﬁned amphiphilic diblock copolymer bearing thiol end
group, HS-PCL-b-PAA, which affords reliable stabilization of
the gold nanoparticles. Synthetic protocol of ROP of -CL
initiated by HEBI has been optimized to yield the macroinitiator
with narrow molecular weight distribution, and high degree of
functionality. Quantitative functionalization of Br-PCL-OH is
achieved employing protected mercaptoacetic acid/DEAD/TPP
combination. ATRP of tBA is well controlled when
NiBr2(PPh3)2 is used and results in low PDI. While both
deprotection schemes afford almost complete removal of thiol-
protecting groups, 4-monomethoxytrityl group is advantageous
for this particular system because it allows deprotection of thiol
and PtBA block in one pot. Reduction of the gold salt with
relatively mild reducing agent provides stable, well-separated
nanoparticles, which signiﬁes fairly high efﬁciency of HS-PCL-
b-PAA in the passivation of the gold nanoparticles. Coupling
Figure 6. 1H NMR spectrum of PCL-b-PtBA 4a.
Figure 7. 1H NMR spectrum of HS-PCL-b-PAA 6a.
Figure 8. UV-visible spectrum (A) and TEM image (B) of the gold
nanoparticles.
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of two controlled polymerization techniques, ROP and ATRP,
allows good control over the molecular architecture, and thus
provides means for broadening the library of macrothiols.
Supporting Information Available. 1H NMR spectra and
SEC chromatograms of the following compounds Br-PCL-OH,
Br-PCL-dNPTA 1, and Br-PCL-MmtTA 2a. This material is
available free of charge via the Internet at http://pubs.acs.org.
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Figure S1. 1H NMR spectrum of Br-PCL-OH 
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Figure S2. 1H NMR spectrum of Br-PCL-dNPTA 1. Downfield shift of triplet i from 3.63 ppm to 4.18 ppm 
indicates that the extent of functionalization is close to quantitative. 
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Figure S3. SEC chromatograms of Br-PCL-OH and Br-PCL-dNPTA 1  
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Figure S4. 1H NMR spectrum of Br-PCL-MmtTA 2a. Extent of esterification is near to quantitative. 
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Figure S5. SEC chromatogram of Br-PCL-MmtTA 2a 
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Facile synthesis of linear-dendritic cholesteryl-poly(3-caprolactone)-
b-(L-lysine)G2 by thiol-ene and azide-alkyne ‘‘click’’ reactions†
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The construction of a linear-dendritic block copolymer consisting of terminal cholesteryl moiety,
poly(3-caprolactone), and a second generation L-lysine dendron has been accomplished by the
combination of copper(I) catalyzed azide-alkyne and UV-triggered thiol-ene ‘‘click’’ reactions. Ring-
opening polymerization of 3-caprolactone initiated by 5-hexyn-1-ol and Mitsunobu coupling with
4-pentenoic acid provide hetero-telechelic poly(3-caprolactone) bearing terminal alkyne and alkene
groups. It is then employed in the sequential ‘‘click’’ reactions with the azide-functionalized dendritic
wedge and thiocholesterol. Near to quantitative functionalization of the intermediate and ﬁnal
products has been attained as conﬁrmed by NMR spectroscopy and MALDI-TOF spectrometry.
Introduction
Amphiphilic linear-dendritic block copolymers have gained
signiﬁcant importance due to their peculiar properties that drive
self-assembly into various shapes. Different combinations of the
constituting blocks have been prepared, and their capacity of
forming complex supramolecular architectures has been
investigated.1
Hedrick and co-workers have designed linear-dendritic
amphiphiles that resemble naturally occuring phospholipids.2
The hydrophilic dendrons based on 2,2-bis(hydroxy-
methyl)propionic acid (bis-MPA) (A) were combined with the
linear segment of the hydrophobic poly(3-caprolactone) (PCL)
(B) via ring-opening polymerization (ROP) of 3-caprolactone
(3-CL) initiated by the dendrons possessing multiple function-
alities. The symmetric linear-dendritic triblock copolymer (ABA)
was also prepared via the Mitsunobu coupling of the linear-
dendritic block copolymer (AB) with the acid-functionalized
dendrons.2 Frechet and co-workers3 obtained linear-dendritic
block copolymers by divergently growing bis-MPA based den-
drons from poly(ethylene glycol) (PEG) chain-end.
A step-wise synthetic protocol that affords well-deﬁned
structures with a controlled number of peripheral functional
groups available for subsequent functionalization can render
self-assembled aggregates stimuli responsive, and prompts the
application of such nanocarriers as drug delivery devices.4 Thus,
poly(ethylene oxide) (PEO)-dendritic polylysine and PEO-
dendritic polyester have been prepared, and then peripheral
functional groups have been modiﬁed by acid-labile hydrophobic
moieties to obtain pH responsive micelles.4
Tomalia and co-workers5 have prepared core-shell nano-
structures from precise monodisperse, linear-dendritic polymers.
First a thiol functionalized di-dendron is conjugated with single
strand DNA. Together with the other linear-dendritic copolymer
incorporating appropriate complementary DNA as the linear
segment, these structures may be used as supramacromolecular
components to build core-shell nanostructures possessing base-
paired DNA cores surrounded by four dendrons.5
Cao and co-workers developed the route towards poly(L-lac-
tide)-b-dendritic poly(L-lysine) based on the metal free ROP of
the L-lactide initiated by the hydroxyl end-capped Boc-protected
poly(L-lysine) dendrons.6 The authors have pointed out the role
of poly(L-lysine) as a functional vector for DNA transfection.6
Zubarev and Stupp7 demonstrated a synthetic pathway
leading to hybrid structures: dendron rodcoils. These macro-
molecules comprise dendritic, rod-like, and coil-like molecular
segments, and have been obtained via convergent or divergent
strategies.7 Amphiphilic ‘‘tree-shaped’’ comb-dendritic block
copolymer has been prepared with hydrophobic, rigid comb
block, poly(g-n-dodecyl-L-glutamate), that results in the forma-
tion of extremely stable micelles, and highly functional dendritic
exterior – the polyester dendron modiﬁed with PEG – that can be
used to attach biocompatible ligands for efﬁcient targeting.8 Self-
assembly of this linear-dendritic hybrid block copolymer in
solution provides a potential route to core-shell micellar nano-
structures with various surface functionalities. The semirigid rod
nature of the comb block determines the unique shape of the
macromolecular structure and assists self-assembly.8 Stupp and
co-workers have also reported about the synthesis of the
amphiphilic rodcoil dendrons where the dendritic wedge was
connected with the rigid moiety via the polyester spacer.9 Prep-
aration of these intricate structures involved ROP of L-lactide
initiated by cholesterol, and substitution of the hydroxyl
terminus of this cholesteryl-oligo(L-lactic acid) with the L-lysine
dendron. While liquid chrystalline character of the
cholesteryl moiety could drive self-assembly of the rodcoil
aTechnical University of Denmark, Department of Chemical and
Biochemical Engineering, Danish Polymer Centre, Building 423,
DK-2800 Kgs. Lyngby, Denmark. E-mail: sh@kt.dtu.dk; Tel: +45 4525
2965
bMartin-Luther University Halle-Wittenberg, Faculty of Natural Sciences
II/Institute of Chemistry, Lehrstuhl Makromolekulare Chemie, von
Danckelmannplatz 4, D-06120 Halle (Saale), Germany; Tel: +49
(0)345 55 25930
† Electronic supplementary information (ESI) available: NMR and
MALDI-TOF spectra. See DOI: 10.1039/b9py00303g
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dendron, the L-lysine wedge could provide sterics to direct the
nanostructure formation. Furthermore, both cholesterol and
L-lysine could interact with the cell membrane, and thus promote
and facilitate cell adhesion.9
However, this synthetic procedure, though subtle, is quite
tedious and demanding. With the advance of the copper(I)
catalyzed azide-alkyne cycloaddition10 (CuAAC) and UV initi-
ated thiol-ene11 ‘‘click’’ reactions, and their successful imple-
mentation in the ﬁeld of the macromolecular chemistry,12 we
believe that the synthetic approach towards the rodcoil dendrons
can be accelerated, and made more robust and versatile: all three
constituent blocks can be coupled to avoid the default presence
of either a cholesterol or L-lysine wedge as is the case in the
strategies discussed above.6,9 CuAAC ‘‘click’’ reaction has
previously been employed in the preparation of unsymmetrical
dendrimers,13 dendronized linear polymers14 as well as linear-
dendritic block copolymers,15 and thus has proved to be a highly
efﬁcient and convenient approach.
Herein, we present the synthetic layout for the preparation of
the rodcoil dendron based on cholesterol, PCL, and dendritic
L-lysine. Since Hawker and co-workers pointed out the efﬁciency
and compatibility of these orthogonal ‘‘click’’ reactions,16 we
believe this is one of the ﬁrst successful attempts to employ this
strategy in building such multifunctional macromolecular
architecture alongside Haddleton and co-workers, where
CuAAC reaction has been coupled with thio-Michael addition,17
and Anseth and co-workers, where copper-free ‘‘click’’ chemistry
has been conjugated with thiol-ene photocoupling.18
Experimental
Materials and methods
3-CL (Fluka, $99%) was dried over CaH2, and distilled under
reduced pressure. Tetrahydrofuran (THF) (Sigma-Aldrich,
99.9%), N,N-dimethylformamide (DMF) (Fluka, 99.8%), toluene
(Sigma-Aldrich, 99.9%), and triethylamine (TEA) (Sigma-Aldrich,
99%) were dried over CaH2, and distilled under nitrogen ﬂow. Tin
octoate (Sn(Oct)2) (Sigma, 95%) was distilled under reduced
pressure. Methanol (Sigma-Aldrich, 99.9%), heptane (Sigma-
Aldrich, 99%), dichloromethane (DCM) (Sigma-Aldrich, 99.8%),
dioxane (Riedel-de Ha€en, 99%), ethyl acetate (Sigma-Aldrich,
99.7%), 5-hexyn-1-ol (Aldrich, 96%), 4-pentenoic acid (Aldrich,
97%), L-lysine (Fluka, purum; crystallized; $98%),
di-tert-butyl dicarbonate (Aldrich, 97%), N,N0-dicyclohex-
ylcarbodiimide (DCC) (Aldrich, 99%), 3-bromo-1,2-propanediol
(Fluka, $96%), diethyl azodicarboxylate (DEAD) (Aldrich), tri-
phenylphosphine (TPP) (Fluka, 97%), sodium azide (Aldrich,
99%),CuI (Aldrich, 98%), thiocholesterol (Aldrich), triﬂuoroacetic
acid (TFA) (Sigma-Aldrich, $98%), 2,2-dimethoxy-2-phenyl-
acetophenone (DMPA) (Aldrich, 99%), 4-di(methylamino)pyr-
idine (4-DMAP) (Fluka, >98%) were used as received.
Characterization by NMR spectroscopy was conducted on
Bruker 300 MHz spectrometer using CDCl3 or DMSO-d6 as
solvents (both from Aldrich). The coupling constants are given in
Hz. Molecular weights and polydispersity indices were estimated
by size exclusion chromatography (SEC) on Viscotek 200
instrument using two PLgel mixed-D columns (Polymer Labo-
ratories (PL)), assembled in series, and a refractive index
detector. SEC samples were run in THF at room temperature
(1 mL min1). Molecular weights were calculated using poly-
styrene (PS) standards from PL. Mass spectra were acquired by
matrix-assisted laser desorption and ionization time-of-ﬂight
(MALDI-TOF) mass spectrometry using a Bruker autoﬂex III
smartbeam mass spectrometer, equipped with the laser that
produces pulses at 337 nm. Samples using 2,5-dihydrox-
yacetophenon as matrix and NaTFA as additive were prepared
by dissolving the polymer in THF at a concentration of 20 mg
mL1. A 10 mL aliquot of this solution was added to 100 mL of
a 20 mg mL1 matrix solution, and 1 mL NaTFA as a THF
solution (20 mg mL1) was added as cationzation agent.
All reactions were carried out under the nitrogen atmosphere
unless otherwise stated.
Synthesis
1: Boc protection of L-lysine was carried out according to the
procedure reported elsewhere.19
2: 1 (5.00 g, 14.45 mmol), 3-bromo-1,2-propanediol (1.02 g,
6.58 mmol), and 4-DMAP (0.17 g, 1.39 mmol) were placed in
a 250 mL two-neck ﬂask, and dissolved in DCM (60 mL). The
reaction mixture was stirred and cooled in an ice/water bath, and
the solution of DCC (3.00 g, 14.54 mmol) in DCM was injected.
Afterward, the ice/water bath was removed, and the reaction was
carried out at room temperature for 24 h. After completion of the
reaction, the mixture was ﬁltered to remove dicyclohexylurea,
and extracted with dilute NaHCO3 (2  50 mL), dilute NaHSO4
(1  50 mL), distilled water (1  50 mL), and brine (1  50 mL).
The solution was dried over anhydrous MgSO4, and concen-
trated under reduced pressure. Yield: 4.64 g (87%).
dH (300 MHz; CDCl3) 5.10–5.45 (3H, br, CHNHBoc and
OCH2CHO), 4.55–4.85 (2H, br, CH2NHBoc), 4.37–4.53 (m,
OCH2CHO), 4.14–4.37 (m, OCH2CHO and CHNHBoc) (4.14–
4.53 corresponds to 4H), 3.38–3.60 (2H, m, CH2Br), 2.95–3.25
(4H, m, CH2NHBoc), 1.58–2.00 (m, CH2CH2CHNHBoc), 1.25–
1.58 (m, BocNHCH2CH2CH2CH2CHNHBoc and C(CH3)3)
(1.25–2.00 corresponds to 48H).
3: 2 (4.58 g, 5.64 mmol) and sodium azide (0.73 g, 11.23 mmol)
were placed in a round-bottom ﬂask, and dissolved in DMF
(50 mL). The reaction mixture was stirred at 40 C overnight.
Afterward, it was diluted with distilled water (70 mL), and
extracted with ethyl acetate (7 50 mL). The organic layers were
combined, and washed with distilled water (6  100 mL), brine
(1  75 mL), and distilled water (1  100 mL). The solution was
then dried over anhydrous MgSO4, and concentrated on rotary-
evaporator. Yield: 3.96 g (91%).
dH (300 MHz; CDCl3) 5.10–5.40 (3H, br, CHNHBoc and
OCH2CHO), 4.60–4.83 (2H, br, CH2NHBoc), 4.31–4.45 (1H, m,
OCH2CHO), 4.15–4.31 (3H, m, OCH2CHO and CHNHBoc),
3.40–3.60 (2H, m, CH2N3), 2.95–3.20 (4H, m, CH2NHBoc),
1.60–1.97 (m, CH2CH2CHNHBoc), 1.28–1.60 (m, BocNHCH2-
CH2CH2CH2CHNHBoc and C(CH3)3) (1.28–1.97 corresponds
to 48H). The resonances at 4.11 (q), 2.03 (s), 1.25 (t) correspond
to the residual ethyl acetate.
4: Ring opening polymerization of 3-CL was conducted as
reported earlier.20 Degree of polymerization estimated by 1H
NMR is 20,Mn¼ 2380 Da. SEC:Mn¼ 4200 Da,Mw¼ 4700 Da,
Mw/Mn ¼ 1.11.
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dH (300 MHz; CDCl3) 4.05 (40H, t, J1,3 6.7, (CH2)4CH2OC(O)
and C(O)OCH2(CH2)3ChCH), 3.64 (2H, t, J1,3 6.5,
(CH2)4CH2OH), 2.30 (t, J1,3 7.5, OC(O)CH2(CH2)4), 2.23 (td,
J1,4 2.6, J1,3 7.1, CH2ChCH) (2.18–2.40 corresponds to 42 H),
1.96 (1H, t, J1,4 2.6, CH2ChCH), 1.50–1.81 (84H, m,
OC(O)CH2CH2CH2CH2CH2 and C(O)OCH2CH2CH2CH2-
ChCH), 1.25–1.50 (40H, m, OC(O)CH2CH2CH2CH2CH2).
5: The Mitsunobu coupling was performed under the same
conditions as in ref. 20. SEC: Mn ¼ 4100 Da, Mw ¼ 4500 Da,
Mw/Mn ¼ 1.11. dH (300 MHz; CDCl3) 5.80 (1H, m, CH2CH ¼
CH2), 5.00 (2H, m, CH2CH]CH2), 4.05 (40H, t, J1,3 6.7,
(CH2)4CH2OC(O) and C(O)OCH2(CH2)3ChCH), 2.36 (m,
OC(O)CH2CH2CH]CH2), 2.28 (t, J1,3 7.5, OC(O)CH2(CH2)4),
2.21 (td, J1,4 2.6, J1,3 7.1, CH2ChCH) (2.16–2.42 corresponds to
46H), 1.94 (1H, t, J1,4 2.6, CH2ChCH), 1.48–1.80 (84H, m,
OC(O)CH2CH2CH2CH2CH2 and C(O)OCH2CH2CH2CH2C-
hCH), 1.20–1.48 (40H, m, OC(O)CH2CH2CH2CH2CH2).
6: A 50 mL two-neck ﬂask was charged with 5 (1.4 g, 0.57
mmol), 3 (0.93 g, 1.2 mmol), CuI (0.11 g, 0.58 mmol), and THF
(19 mL). The reaction mixture was stirred at room temperate
until the polymer dissolved completely. Then TEA (0.32 mL,
2.3 mmol) was introduced. The reaction was conducted at 35 C
for 24 h. Afterward, the mixture was diluted with THF, and
treated with basic Al2O3. The solution was then ﬁltered,
concentrated under reduced pressure, and precipitated into the
large excess of cold MeOH–H2O (5 : 1) mixture. The block
copolymer was isolated via ﬁltration, and dried in the
vacuum oven at room temperature until constant weight. SEC:
Mn ¼ 5100 Da, Mw ¼ 5600 Da, Mw/Mn ¼ 1.10. dH (300 MHz;
CDCl3) 7.5 (1H, br, Ar), 5.80 (1H, m, CH2CH¼CH2), 5.10–5.60
(br, CHNHBoc and OCH2CHO), 5.00 (m, CH2CH]CH2),
3.85–4.93 (br m, CH2NHBoc, OCH2CHO, CHNHBoc, CH2Ar,
(CH2)4CH2OC(O) and C(O)OCH2(CH2)3Ar) (3.85–5.60 corre-
sponds to 53H), 2.93–3.22 (4H, br, CH2NHBoc), 2.58–2.85
Scheme 1 Preparation of bis-(di-Boc-L-lysine)-3-azido-1,2-propandiol
Scheme 2 CuAAC and thiol-ene ‘‘click’’ reactions followed by the
removal of Boc protecting groups
Fig. 1 Normalized SEC traces of a-alkenyl-u-alkynyl-PCL (5)
(Mn ¼ 4100 Da, Mw/Mn ¼ 1.11), alkenyl-PCL-b-(di-Boc-L-lysine)G2 (6)
(Mn ¼ 5100 Da, Mw/Mn ¼ 1.10) -, cholesteryl-PCL-b-(di-Boc-L-lysi-
ne)G2 (7) (Mn ¼ 5900 Da, Mw/Mn ¼ 1.15)O.
Fig. 2 1H NMR spectrum of alkenyl-PCL-b-(di-Boc-L-lysine)G2 (6). The
spectrum was recorded in CDCl3.
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(2H, br, C(O)O(CH2)3CH2Ar), 2.03–2.55 (44H, br m,
OC(O)CH2CH2CH]CH2 and OC(O)CH2(CH2)4), 1.50–1.97
(m, CH2CH2CHNHBoc, OC(O)CH2CH2CH2CH2CH2 and
C(O)OCH2CH2CH2CH2Ar), 1.05–1.60 (m, BocNHCH2CH2-
CH2CH2CHNHBoc, C(CH3)3 and OC(O)CH2CH2CH2CH2-
CH2) (1.05–1.97 corresponds to 172H).
7: 6 (150 mg, 0.046 mmol), thiocholesterol (187 mg,
0.46 mmol), DMPA (42 mg, 0.16 mmol), and toluene (1.2 mL)
were placed in a 15 mL round-bottom open vial equipped with
a magnetic stirring bar. Having dissolved all the solid compo-
nents, the vial was placed under the UV lamp (365 nm), and
irradiated for 1.5 h while stirring under air. The reaction was
Fig. 3 MALDI-TOF spectrum of alkenyl-PCL-b-(di-Boc-L-lysine)G2 (6): (a) full spectrum, (b) expansion (top) and simulation (bottom) of 1st-series,
(c) expansion (top) and simulation (bottom) of 2nd series.
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monitored by SEC and 1H NMR. After completion of the
reaction, the mixture was diluted with DCM, and precipitated
into the large excess of cold heptane. The polymer was isolated
on the ﬁlter paper, washed with heptane, and dried in the vacuum
oven at room temperature. SEC:Mn ¼ 5900 Da,Mw ¼ 6800 Da,
Mw/Mn ¼ 1.15.
dH (300 MHz; CDCl3) 7.5 (1H, br, Ar), 5.05–5.70 (4H, br,
thiocholesterol CH ¼ C, CHNHBoc and OCH2CHO), 3.86–4.96
(48H, br m, CH2NHBoc, OCH2CHO, CHNHBoc, CH2Ar,
(CH2)4CH2OC(O) and C(O)OCH2(CH2)3Ar), 2.97–3.22 (4H, br,
CH2NHBoc), 2.44–2.83 (5H, m, OC(O)(CH2)3CH2SCH,
SCHCH2C]CH, C(O)O(CH2)3CH2Ar), 2.30 (44H, t, J1,3 7.5,
OC(O)CH2(CH2)3SCH, OC(O)CH2(CH2)4, and SCHCH2-
C]CH (this multiplet is dominated by the large triplet from the
PCL backbone)), 1.55–1.97 (m, CH2CH2CHNHBoc,
OC(O)CH2CH2CH2CH2CH2 and C(O)OCH2CH2CH2CH2Ar),
1.25–1.60 (m, BocNHCH2CH2CH2CH2CHNHBoc, C(CH3)3
and OC(O)CH2CH2CH2CH2CH2), 0.99 (s, CH3CC]CH), 0.91
(s, 3H, CH3CH(CH)CH2), 0.87 (s, CH3CH(CH3)CH2), 0.85
(s, CH3CH(CH3)CH2), 0.67 (s, CH3C(CH)CH). Other signals
originating from the cholesteryl moiety overlap with the peaks
corresponding to the block copolymer, and, therefore, cannot be
unambiguously assigned.
8: A 25 mL two-neck ﬂask was charged with 7 (123 mg, 0.034
mmol) and DCM (3.6 mL). The ﬂask was immersed in an ice/
water bath, and TFA (0.75 mL) was injected. The reaction
mixture was stirred for 30 min in the ice/water bath, and for
90 min at room temperature. Then it was concentrated under
reduced pressure, and the product was dried in the vacuum oven
at room temperature.
dH (300 MHz; DMSO-d6) 8.30–8.80 (6H, br,
CHNH3OOCCF3), 7.65–8.05 (br, CH2NH3OOCCF3), 7.94
(s, Ar) (7.65–8.05 corresponds to 7H), 5.20–5.70 (2H, br m, thi-
ocholesterol CH ¼ C and OCH2CHO), 4.55–4.90 (2H, br,
CH2Ar), 3.80–4.55 (44H, m, OCH2CHO and CHNH3OOCCF3,
(CH2)4CH2OC(O) and C(O)OCH2(CH2)3Ar), 2.42–2.94 (br,
CH2NH3OOCCF3, OC(O)(CH2)3CH2SCH, SCHCH2C]CH,
C(O)O(CH2)3CH2Ar, overlaps with DMSO-d6), 2.27 (44H, t, J1,3
7.1, OC(O)CH2(CH2)3SCH, OC(O)CH2(CH2)4, and
SCHCH2C]CH), 1.42–2.00 (m, CH2CH2CHNH3OOCCF3,
F3CCOONH3CH2CH2CH2CH2, OC(O)CH2CH2CH2CH2CH2
and C(O)OCH2CH2CH2CH2Ar), 1.18–1.42 (m, OC(O)CH2-
CH2CH2CH2CH2), 0.86–0.94 (m, CH3CC]CH and
CH3CH(CH)CH2), 0.85 (s, CH3CH(CH3)CH2), 0.83 (s,
CH3CH(CH3)CH2), 0.64 (s, CH3C(CH)CH).
Results and discussions
ROP of 3-CL initiated by 5-hexyn-1-ol and catalyzed by tin(II)
octoate at elevated temperature in bulk has been reported by
Schubert and co-workers.21 The polydispersity index (PDI) of
1.19 was achieved. We have shown that better control over the
reaction can be gained by conducting it at moderate temperature
with high catalyst concentration.20 Thus, PCL with the
PDI ¼ 1.11 and high end-group ﬁdelity has been obtained. The
degree of polymerization estimated by 1H NMR was 20. Esteri-
ﬁcation of the hydroxyl chain end with 4-pentenoic acid
according to Mitsunobu protocol20 afforded hetero-telechelic
PCL bearing alkyne and alkene functional groups. The a-
alkenyl-u-alkynyl-PCL had narrow molecular weight distribu-
tion (PDI ¼ 1.11), and near to quantitative functionality as
conﬁrmed by 1H NMR (Fig. S2†) and MALDI-TOF analysis
(Fig. S6†).
The synthesis of the second generation dendron of L-lysine,
(L-lysine)G2 (3), with the azide functional group in the focal point
was carried out according to Scheme 1.
This approach allows immediate incorporation of the primary
bromo function in the core. Therefore, it is not necessary to
introduce bromoalkyl moiety by additional esteriﬁcation reac-
tion as would be the case in the standard procedure of building
dendrons.13 Subsequent nucleophilic substitution furnishes azide
functional dendritic wedge of the second generation with high
yield and purity.
Thus, 3-bromo-1,2-propandiol was reacted with Na,N3-di-
Boc-L-lysine (1.1 eq) in the presence of DCC and 4-DMAP. The
puriﬁcation step did not require column chromatography, and
sufﬁced with extractions. Afterward, 2 was converted to the
corresponding azide by treating it with sodium azide (2 eq) at
40 C overnight. The heteronuclear single quantum coherence
(HSQC) NMR experiment (Fig. S1†) conﬁrmed full conversion
under these reaction conditions. The structure was further veri-
ﬁed by MALDI-TOF spectrometry (Fig. S4 and S5†).
Azide-alkyne and UV initiated thiol-ene ‘‘click’’ reactions were
conducted as depicted in Scheme 2.
CuAAC reaction between a-alkenyl-u-alkynyl-PCL 5 and bis-
(di-Boc-L-lysine)-3-azido-1,2-propandiol 3 (2 eq) was catalyzed
by CuI (1 eq in comparison to the alkyne). The ‘‘click’’ compo-
nents were reacted in THF in the presence of NEt3 at 35
C for 24
h.22 The excess of 3was removed by precipitation inMeOH–H2O
mixture. The product was analyzed by SEC, NMR, and
MALDI-TOF.
SEC revealed monomodal, symmetrical trace, which was shif-
ted to the higher molecular weight (Fig. 1), and low PDI of 1.10.
This implies that no chain scission took place nor did the polymer
chains remain unreacted. Near to quantitative functionalization
was attained as judged from NMR experiments. Both 1H and
HSQC NMR data indicated almost full conversion as the reso-
nances corresponding to the alkyne functional group could no
longer be detected. Furthermore, the peaks ascribed to the
Fig. 4 1H NMR spectrum of Cholesteryl-PCL-b-(di-Boc-L-lysine)G2 (7).
The spectrum was recorded in CDCl3.
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dendritic wedge and triazol ring (h) emerged (Fig. 2). The signals
assigned to the alkene moiety were observed at 5.00 ppm and 5.80
ppm (p and o). The integrals of the resonances from the alkene
end-group (5.80 ppm, o) andCH2NHBoc (2.93–3.22 ppm, c) were
in good agreement with the theoretical values.
The MALDI-TOF analysis produced a spectrum with the
signal spacing of approximately 114 Da (Fig. 3), corresponding
to the molecular weight of one repeating unit in the PCL chain.
Two series were observed: one ﬁtting the experimental molecular
weight of the alkenyl-PCL-b-(di-Boc-L-lysine)G2 (6) as the M-
Na+-series, while the other minor series being assignable to the
M-Li+-series with the loss of two of the Boc groups during the
ionization process.
The cholesteryl moiety was introduced via the thiol-ene ‘‘click’’
reaction between the alkenyl-PCL-b-(di-Boc-L-lysine)G2 and
thiocholesterol (Scheme 2). The solution of 6, thiocholesterol,
and DMPA (1 : 10 : 3.5 molar ratio) in toluene was stirred and
irridiated at 365 nm in the presence of oxygen. Large excess of the
thiol and the photoinitiator were taken to overcome the obstacles
posed by rigid structure and hindered mobility of
thiocholesterol,23 and to achieve near to quantitative function-
alization as concluded after investigations by NMR and
MALDI-TOF. In the 1H NMR spectrum (Fig. 4) the signals
from the alkene chain end disappeared completely, and the
resonances originating from the cholesteryl moiety (q, r, and s)
could be observed. The MALDI-TOF analysis revealed the
Fig. 5 MALDI-TOF spectrum of Cholesteryl-PCL-b-(di-Boc-L-lysine)G2 (7), bottom: full spectrum; top: expansion of the indicated region.
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species of the molecular weight that correspond to 7 (Fig. 5). The
signal spacing of 114 Da indicative of the repeating unit of the
PCL was again observed. In total, three series were observed as
M–Na+-adducts with the main series being the M–Na+-series of
7, while the other two series indicated again the loss of either one
or two Boc moieties (Fig. S7†).
However, the SEC trace had a small shoulder (Fig. 1), though
PDI was still fairly low (1.15). The appearance of the shoulder
could tentatively be ascribed to the intramolecular side reactions
of radical nature that could take place during the thiol-ene
‘‘click’’ reaction.
The ﬁnal step involved deblocking of the amine functionalities.
7 was treated with TFA in CH2Cl2. The solvent and the excess of
the acid were removed in vacuo, and the product was analyzed by
NMR and MALDI-TOF. In 1H NMR spectrum (Fig. S3†) the
signal corresponding to tert-butyl group was not observed, while
the broad peaks related to the free amine groups were detected at
8.30–8.80 ppm and 7.65–8.05 ppm. The triazole proton resonated
at 7.94 ppm. Such a dramatic shift could be explained by the
cardinal changes in solubility of the macromolecule (the spec-
trum was recorded in DMSO-d6). MALDI-TOF mass spec-
trometry showed several series, proving the ﬁnal structure with
sequential loss of the triﬂuoroacetate moieties during the ioni-
zation process (Fig. 6, S8–S12†).
Thus, a series of peaks with loss of triﬂuoroacetate moieties
was detected by simulation of the isotope pattern of the
respective peaks and subsequent comparison with the measured
(relatively broad) mass peaks. In addition, fragments with
truncated structures stemming from the relatively hard ioniza-
tion conditions and the reﬂectron-modus were also detected.
However, in accordance with the NMR data, the formation of
the structure of 8 was unambiguously proved by MALDI-TOF
mass spectrometry as well.
Conclusions
In conclusion, we have demonstrated the effectiveness and
ﬂexibility of the orthogonal azide-alkyne and thiol-ene ‘‘click’’
reactions in preparation of the linear-dendritic cholesteryl-PCL-b-
(L-lysine)G2. The ‘‘click’’ reactions considerably shorten the
synthetic cascade for building such macromolecules compared to
the conventional esteriﬁcation reactions.Moreover, the versatility
of the heterofunctional PCL in combinationwith these orthogonal
‘‘click’’ reactions provides greater degree of freedom for incorpo-
rationofdifferent structural elements, and thus opens newavenues
to much larger library of complex amphiphilic architectures.
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Miktoarm core-crosslinked star copolymers with biologically active moieties
on peripheries
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Miktoarm core-crosslinked star (CCS) copolymers featuring hydrophobic inner compartment based on
poly(3-caprolactone) (PCL), and hydrophilic multivalent exterior consisting of L-lysine dendritic
wedges and estradiol or ferrocene moieties have been synthesized. Ring-opening polymerization (ROP)
of 3-caprolactone (3-CL) initiated by functional alcohols provides alkyne or azide end-capped linear
PCL chains. Further derivatization of the hydroxyl chain ends of these hetero-telechelic
macromolecules by methacrylic acid (MA), and subsequent Cu(I) mediated ‘‘click’’ coupling of terminal
alkyne and azide groups with azide-functionalized dendritic wedge, 17a-ethynylestradiol and
ethynylferrocene afford well-deﬁned linear-dendritic and linear macromonomers (MMs), respectively.
Atom transfer radical polymerization (ATRP) of the MMs together with a difunctional monomer
1,4-butanediol dimethacrylate (BDMA) results in miktoarm CCS copolymers. Elucidation of the
structure and composition of the intermediate and ﬁnal products demonstrates effectiveness,
versatility, and high degree of control displayed by the proposed synthetic sequence.
Introduction
Unique globular shape, sophisticated macromolecular architec-
ture providing core-shell microenvironment, and plethora of
reactive functional groups of CCS polymers have bolstered their
potential in myriads of applications ranging from polymer
therapeutics and catalysis to membrane technology and lithog-
raphy.1,2 Synthesis of CCS polymers by ATRP involves exploi-
tation of macroinitiators (MIs) and/orMMs in combination with
difunctional cross-linkers.1 Matyjaszewski and co-workers have
prepared CCS polymer employing polystyrene (PS) MI and
divinyl benzene (DVB) cross-linker.3 The authors pointed out
that the method suffers from the consequences of inevitable
radical termination reactions in the radical polymerization which
results in partially functionalized MIs. Employing similar
approach, Matyjaszewski and co-workers have designed surface
functionalized CCS polymers based on poly(tert-butyl acrylate)
MIs. Epoxy, cyano, hydroxyl, and amino groups have been
incorporated at the end of the MI via functional ATRP
initiators.4 While homoarm star polymers contain arms with
similar molecular weight and same chemical composition, mik-
toarm stars are comprised of arms with diverse chemical
compositions and/or molecular weights.1 Miktoarm CCS
copolymer with degradable core have been synthesized via ‘‘in-
out’’ method: poly(methyl methacrylate) (PMMA) MI has been
reacted with the cross-linker containing degradable disulﬁde
moiety, and thus obtained CCS polymer has been exploited as
MI in subsequent ATRP of n-butyl acrylate (BA).5 Grafting the
second monomer through the reactivation of the alkyl halide
sites in the core of the star polymer features several obstacles
such as star-star and intrastar couplings that broaden the
molecular weight distribution (MWD), and low initiation efﬁ-
ciency of the star MI.5 Star polymers with hydrolysable cores
prepared via group transfer polymerization of MMA have also
been reported.6
A characteristic trait of the star synthesis by cross-linking MI
chains is star-star coupling reaction that takes place throughout
the star formation process and broadens MWD.7 Star-star
reaction occurs between the star cores where the number of
initiating sites equals to the number of arms per star. Therefore,
reduction of the ratio of initiating sites to arms per star could
diminish the star-star coupling providing better control and
improved consistency.7 In the quest of alleviating this intrinsic
shortcoming, Matyjaszewski and co-workers have proposed
preparation of CCS polymers by copolymerization of linear MM
with cross-linker using low molecular weight ATRP initiator.7
Under these circumstances the number of initiating sites and
arms are independently controlled allowing limiting of star-star
coupling reactions resulting in narrow MWD. Employing this
strategy, miktoarm star copolymers incorporating PBA and
poly(ethylene glycol) (PEG) MMs have been prepared.8 Star
congestion and obstruction of the initiating sites can be over-
powered by addition of another portion of cross-linker and
initiator. Thus, high yield and low polydispersity have been
attained by stepwise addition of the cross-linker and initiator
during cross-linking the mixture of the MMs.8
Miktoarm CCS copolymer bearing biocompatible PCL and
PS arms have been developed.9 PCL MI possessing bromoiso-
butyryl end group has been reacted with DVB giving CCS
polymer with relatively broadMWD (Mw/Mn > 2). PS arms have
then been grown from the star PCL MI by ATRP of styrene.
Besides controlled radical polymerization methods such as
ATRP, ROP has also been exercised for preparation of CCS
PCL.10 ROP of 3-CL affords MI for the ensuing cross-linking
reaction via ROP of bislactone. This is a two-step one-pot
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approach which does not demand isolation and puriﬁcation of
the MI. However, adventitious water may produce a,u-difunc-
tional arms and facilitate star-star coupling leading to macro-
gelation.10 Wiltshire and Qiao have designed a range of
degradable CCS polymers featuring core-degradable, arm-
degradable, partially arm-degradable, and fully degradable
stars.11 Dual initiator 2-hydroxyethyl 2-bromoisobutyrate has
been used to prepare degradable PCL and nondegradable PS
arms. Cross-linking of the mixture of PCL-Br and PMMA-Cl
MIs provides partially degradable stars. Degradable core is
formed by ROP of bislactone cross-linker, while DVB and
ethylene glycol dimethacrylate (EGDMA) are employed in
ATRP from the MI when nondegradable cores are desired.11
Since tuning coronal composition of CCS polymers is the handle
for manipulating the physical properties of the stars, ways for
tailoring the corona have been suggested.12 CCS polymers with
degradable outer coronal layer, with initiating sites on the
coronal surface, and with initiating groups in the core as well as
on the peripheries have been prepared making use of the PCL
building blocks amongst others.12
Hawker and co-workers have reported synthesis of CCS
polymers with amine and hydroxyl surface functional groups
employing functional initiators for nitroxide-mediated living free
radical polymerization. The potential of star stabilized Pd
nanoparticles in catalysis has also been demonstrated by
exploiting them in hydrogenation and Heck reactions.13 Linear-
dendritic MIs, carrying Frechet type or polyester dendrons, have
been utilized for preparation of CCS with dendron-decorated
peripheries.14,15 Modiﬁcation of the dendron functionalities
results in dramatic changes in the morphologies produced by the
star polymers.15
Potential application of star polymers in drug delivery stems
from the inherent thermodynamic instability of classical
amphiphilic copolymer micelles. The formation of classical
micelles is thermodynamically favored only above critical micelle
concentration (cmc). If the concentration of the copolymer drops
below the cmc, the micelles tend to disassemble. Inasmuch as the
delivery vehicle undergoes severe dilution upon injection into an
animal or human, lysis of the micelles below the cmc impedes
their application in vivo.16 Dendrimers, star and CCS polymers,
which may serve as unimolecular reservoirs, may be the remedy
in circumventing the problems posed by micelle disintegration
upon dilution.16 Roovers and co-workers have prepared
amphiphilic star polymer based on polyamidoamine dendritic
core, which served as the macroinitiator for obtaining lipophilic
PCL inner block, and hydrophilic PEG outer block. Thus, the
arms of the star polymer are built by biocompatible and biode-
gradable blocks. The potential in encapsulation of hydrophobic
anticancer drug etoposide has been demonstrated.16 Besides high
and controllable drug loading and release capabilities, biocom-
patibility, and the capacity to compartmentalize various drugs,
the polymeric micelles offer a handle for passive targeting due to
enhanced permeability and retention (EPR) effect in tumors.17
By taking advantage of EPR effect highly selective delivery of the
anticancer drugs can be attained.17 Core-crosslinked micelles as
unimolecular containers offer all the above mentioned beneﬁts of
classical micelles, and provide bonus in terms of enhanced
stability in biological ﬂuids.17 Kissel and co-workers prepared
core-crosslinked micelles by crosslinking di- and triblock
copolymers PEG-b-PCL and PEG-b-PCL-b-PEG which incor-
porated a maleic acid residue at the end of PCL block.17 These
micelles have been successfully loaded with anticancer drug
paclitaxel. Core-crosslinked micelles have displayed higher
loading capacity than the classical ones.17
Alongside passive targeting, delivery of drugs involving
a speciﬁc molecular recognition plays an important role.18
Gadolinium based MRI contrast agent incorporating selective
estrogen receptor modulator (SERM) which binds to the
estrogen receptor (ER) with high afﬁnity, and induces contrast
enhancement in human breast cancer cells has been proposed.18
17b-Estradiol (E2) is the most potent estrogen that enters freely
the cell and binds to nuclear estrogen receptors. Modiﬁcation of
E2 by introducing bulky substituents at the 17a position does not
deteriorate its high afﬁnity to ER.18 Thus, coupling of
17a-ethynylestradiol with suitable chelate for gadolinium affords
ER targeting contrast agent.18 Since binding of E2 to ER results
in conformational change initiating the transcription of various
genes commonly upregulated in cancerous cells, ER are overex-
pressed in 75–80% of all breast cancers.19 ERs are located both
intracellularly and on the cell membrane; antiestrogen
compound tamoxifen competitively binds ER, and averts the
recruitment of transcription cofactors.19 Gold nanoparticles
decorated with tamoxifen-PEG-SH derivative have been
synthesized in the attempt to enhance potency and selective
intracellular delivery. The study suggests that the membrane
localized ER may assist selective particle uptake.19
Kostarelos and co-workers have reported tumor growth delay
by sixth generation cationic poly-L-lysine dendrimer (G6PLL).
20
This has been ascribed to the systemic antiangiogenic activity of
G6PLL. It has been shown that G6PLL, which possesses 64
peripheral amino groups, has the ability to accumulate and
remain at the tumor site as the result of strong electrostatic
interactions between the positively charged PLL dendrimer
surface and the negatively charged, heparin-rich walls of the
tumor neovasculature.20 The authors suggest that conjugation of
these dendrimers with other therapeutic and diagnostic agents
may provide a powerful tool in cancer therapy.20
In this paper, we describe the synthetic outline and structural
characterization of PCL miktoarm CCS copolymers bearing
multiple amine functional groups and targeting motifs on the
periphery. The miktoarm CCS copolymers have been obtained
through MM approach exploiting linear-dendritic (di-Boc-L-
lysine)G2-b-PCL-methacrylate and linear E2-PCL-methacrylate
or ferrocene-PCL-methacrylate. Synthesis of the MMs is the
combination of ROP of 3-CL from a functional initiator, Mit-
sunobu coupling with MA, and Cu(I) catalyzed ‘‘click’’ reaction.
Subsequent cross-linking of the mixtures of MMs with BDMA
viaATRP affords miktoarm CCS copolymers. Unmasking of the
amino groups of L-lysine dendritic wedge furnishes amphiphilic
nanoparticles that may have potential in targeted drug delivery.
Unlike classical micelles, our potential nanocarrier should exhibit
robustness and versatility combining various exceedingly
important features such as: positively charged hydrophilic
surface, ER targeting vectors, covalently stabilized core, and
hydrophobic and bioerodible interior. To the best our knowledge,
this is a novel design based on elegant coupling of individual
building blocks which may facilitate ﬁne-tuning the composition
and thus properties of these particular CCS copolymers.
This journal is ª The Royal Society of Chemistry 2010 Polym. Chem., 2010, 1, 1650–1661 | 1651
Experimental
Materials and methods
3-Caprolactone (3-CL; Fluka, $99%) was dried over CaH2, and
distilled under reduced pressure. 1,4-butanediol dimethacrylate
(BDMA; Aldrich, 95%) was passed through a short basic Al2O3
column. Tetrahydrofuran (THF; Sigma-Aldrich, 99.9%), N,N-
dimethylformamide (DMF; Fluka, 99.8%), toluene (Sigma-
Aldrich, 99.9%), and triethylamine (TEA; Sigma-Aldrich, 99%)
were dried over CaH2, and distilled under nitrogen ﬂow. Diethyl
ether (Sigma-Aldrich, 99.5%) was kept over molecular sieves. Tin
octoate (Sn(Oct)2; Sigma, 95%) and 6-bromo-1-hexanol
(Aldrich, 97%) were distilled under reduced pressure. Methanol
(Sigma-Aldrich, 99.9%), heptane (Sigma-Aldrich, 99%),
dichloromethane (DCM;Sigma-Aldrich, 99.8%), anisole (Aldrich,
99%), 5-hexyn-1-ol (Aldrich, 96%), L-lysine (Fluka, purum;
crystallized; $98%), di-tert-butyl dicarbonate (Aldrich, 97%),
N,N0-dicyclohexylcarbodiimide (DCC; Aldrich, 99%), 3-bromo-
1,2-propanediol (Fluka, $96%), methacrylic acid (MA; Aldrich,
99%), diethyl azodicarboxylate (DEAD; Aldrich), triphenylphos-
phine (TPP; Fluka, 97%), sodium azide (Aldrich, 99%),
17a-ethynylestradiol (Sigma, 98%), ethynylferrocene (Aldrich,
97%), CuI (Aldrich, 98%), CuBr (Aldrich, 98%), 1,1,4,7,10,10-
hexamethyltriethylenetetramine (HMTETA; Aldrich, 97%),
N,N,N0,N0 0,N0 0-pentamethyldiethylenetriamine (PMDETA;Aldrich,
99%), ethyl a-bromoisobutyrate (EBiB; Aldrich, 98%), and tri-
ﬂuoroacetic acid (TFA;Sigma-Aldrich,$98%)wereusedas received.
Characterization by NMR spectroscopy was conducted on
a Bruker 300 MHz spectrometer using CDCl3 or DMSO-d6 as
solvents (both from Aldrich). The coupling constants are given in
Hz. Molecular weights and polydispersity indices were estimated
by size exclusion chromatography (SEC) using the following
instruments: (a) Viscotek 200 instrument using two PLgel mixed-
D columns (Polymer Laboratories (PL)), assembled in series, and
a refractive index (RI) detector. SEC samples were run in THF at
room temperature (1 mL min1). (b) Viscotek GPCmax VE-2001
equipped with Viscotek TriSEC Model 302 triple detector array
(RI detector, viscometer detector, and laser light scattering
detector with the light wavelength of 670 nm, and measuring
angles of 90 and 7) and a Knauer K-2501 UV detector using
two PLgel mixed-D columns (from PL). The samples were run in
THF at 30 C (1 mL min1). Molecular weights were calculated
using PS standards from PL. Thermogravimetric analysis (TGA)
was carried out on a TGA Q500 instrument from 20–600 C with
a heating rate of 20 C min1 under nitrogen ﬂow. Transmission
electron microscopy (TEM) images have been acquired using
Tecnai T20 instrument operated at 200 kV. The samples for
TEM were prepared by evaporating droplets of the dilute solu-
tions of the CCS polymers in THF, ﬁltered through 0.45 mm
Teﬂon ﬁlters, on lacey carbon coated nickel grids.
Synthesis
All reactions were carried out under nitrogen atmosphere.
1 and 2 have been prepared according to the procedures
described in ref. 21.
1: SECPSS: Mn ¼ 4300 Da, Mw ¼ 4700 Da, Mw/Mn ¼ 1.09.
Degree of polymerization (DP) has been estimated by 1H NMR
to be 21, Mn ¼ 2560 Da.
dH (300 MHz; CDCl3) 6.09 (1H, m, HCH]CCH3), 5.55 (1H,
m, HCH]CCH3), 3.95–4.17 (44H, t, J1,3 6.7, (CH2)4CH2OC(O)
and C(O)OCH2(CH2)3C^CH), 2.28 (t, J1,3 7.4, OC(O)-
CH2(CH2)4), 2.21 (m, CH2C^CH) (2.16–2.42 corresponds to
44H), 1.89–2.00 (4H, m, CH2C^CH, C(CH3)]CH2), 1.50–1.89 (88H,
m,OC(O)CH2CH2CH2CH2CH2andC(O)OCH2CH2CH2CH2C^CH),
1.20–1.50 (42H, m, OC(O)CH2CH2CH2CH2CH2).
3: Cu(I) catalyzed ‘‘click’’ coupling of 1 and 2 has been carried
out as reported in ref. 21. SECLS:Mn¼ 3200 Da,Mw¼ 3300 Da,
Mw/Mn ¼ 1.02. Mn(1H NMR) ¼ 3340 Da.
dH (300 MHz; CDCl3) 7.40–7.80 (1H, br s, Ar), 6.07 (1H, m,
HCH]CCH3), 5.53 (1H, m, HCH]CCH3), 5.10–5.50 (br,
CHNHBoc and OCH2CHO), 3.93–5.00 (br m, CH2NHBoc,
OCH2CHO, CHNHBoc, CH2Ar, (CH2)4CH2OC(O) and
C(O)OCH2(CH2)3Ar) (3.93–5.50 corresponds to 55H), 2.97–3.23
(4H, br, CH2NHBoc), 2.60–2.86 (2H, br, C(O)O(CH2)3CH2Ar),
2 .29 (42H, t , J1 , 3 7 .5 , OC(O)CH2 (CH2)4 ) , 1 .92 (m,
C(CH3 )]CH2) , 1 .53–1.97 (m, CH2CH2CHNHBoc,
OC(O)CH2CH2CH2CH2CH2 and C(O)OCH2CH2CH2CH2Ar),
1.05–1.60 (m, BocNHCH2CH2CH2CH2CHNHBoc, C(CH3)3
and OC(O)CH2CH2CH2CH2CH2) (1.05–1.97 corresponds to
181H).
4: ROP of 3-CL initiated by 6-bromo-1-hexanol has been
conducted as in ref. 22. SECPSS: 4m:Mn ¼ 4300 Da,Mw ¼ 4700
Da,Mw/Mn¼ 1.09; 4k:Mn¼ 3800 Da,Mw¼ 4200 Da,Mw/Mn¼
1.09; 4p:Mn¼ 6000 Da,Mw¼ 6600Da,Mw/Mn¼ 1.09. From 1H
NMR the DP and number average molecular weight: m ¼ 29,
Mn ¼ 3490 Da; k ¼ 22, Mn ¼ 2690 Da; p ¼ 41, Mn ¼ 4860 Da.
dH (300 MHz; CDCl3) 4.04 (58H, t, J1,3 6.6, (CH2)4CH2OC(O)
and C(O)OCH2(CH2)5Br), 3.62 (2H, t, J1,3 6.4, (CH2)4CH2OH),
3.39 (2H, t, J1,3 6.7, CH2Br), 2.29 (58H, t, J1,3 7.4,
OC(O)CH2(CH2)4), 1.85 (2H, m, CH2CH2Br), 1.50–1.75 (118H,
m, OC(O)CH2CH2CH2CH2CH2 and CH2CH2(CH2)4Br), 1.25–
1.50 (62H, m, OC(O)CH2CH2CH2CH2CH2 and
(CH2)2CH2CH2(CH2)2Br).
5: Mitsunobu coupling of 4 and methacrylic acid has been
accomplished following the synthetic protocol in ref. 22. The
esteriﬁed product has been precipitated twice from THF into
coldMeOH to eliminate residue of TPP. SECPSS:Mn¼ 4600 Da,
Mw ¼ 5000 Da, Mw/Mn ¼ 1.09.
dH (300 MHz; CDCl3) 6.08 (1H, m, HCH]CCH3), 5.54 (1H,
m,HCH]CCH3), 4.13 (2H, m, CH2OC(O)C(CH3)]CH2), 4.05
(58H, t, J1,3 6.6, (CH2)4CH2OC(O) and C(O)OCH2(CH2)5Br),
3.40 (2H, t, J1,3 6.7, CH2Br), 2.29 (58H, t, J1,3 7.5,
OC(O)CH2(CH2)4), 1.93 (3H, m, OC(O)CH3C]CH2), 1.85 (2H, m,
CH2CH2Br), 1.50–1.78 (118H, m, OC(O)CH2CH2CH2CH2CH2 and
CH2CH2(CH2)4Br), 1.25–1.50 (62H,m,OC(O)CH2CH2CH2CH2CH2
and (CH2)2CH2CH2(CH2)2Br).
6: 5 (2.54 g, 0.71 mmol), sodium azide (0.135 g, 2.07 mmol),
and DMF (25 mL) were placed in a 50 mL round-bottom ﬂask
equipped with a magnetic stirring bar. The reaction was carried
out at room temperature for 15 h. The product was precipitated
into cold MeOH–H2O (5 : 1) mixture, isolated by ﬁltration, and
dried in a vacuum oven at room temperature until constant
weight. SECPSS: Mn ¼ 4800 Da, Mw ¼ 5200 Da, Mw/Mn ¼ 1.1.
dH (300 MHz; CDCl3) 6.08 (1H, m, HCH]CCH3), 5.54 (1H,
m,HCH]CCH3), 4.13 (2H, m, CH2OC(O)C(CH3)]CH2), 4.04
(58H, t, J1,3 6.6, (CH2)4CH2OC(O) and C(O)OCH2(CH2)5N3),
3.27 (2H, t, J1,3 6.8, CH2N3), 2.29 (58H, t, J1,3 7.4,
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OC(O)CH2(CH2)4), 1.93 (3H, m, OC(O)CH3C]CH2), 1.50–1.78
(120H, m, OC(O)CH2CH2CH2CH2CH2, CH2CH2N3 and
CH2CH2(CH2)4N3), 1.22–1.50 (62H,m,OC(O)CH2CH2CH2CH2CH2
and (CH2)2CH2CH2(CH2)2N3).
7: A 50 mL two-neck ﬂask was charged with 6 (0.80 g, 0.23
mmol), 17a-ethynylestradiol (0.20 g, 0.67 mmol), CuI (0.042 g,
0.22 mmol), and THF (7.5 mL). The reaction mixture was stirred
at room temperate until the polymer dissolved completely. Then
TEA (0.13 mL, 0.93 mmol) was introduced. The reaction was
conducted at 35 C for 24 h in the dark. Then, the macro-
monomer was precipitated into a large excess of coldMeOH. The
product was isolated by ﬁltration, and dried in vacuo at room
temperature until constant weight. SECPSS: Mn ¼ 5100 Da,
Mw ¼ 5600 Da, Mw/Mn ¼ 1.1.
dH (300 MHz; CDCl3) 7.41 (1H, s, Tr), 7.04 (1H, d, Jo 7.6, Ar),
6.55 (2H, br s, Ar), 6.08 (1H, s, HCH]CCH3), 5.54 (1H, m,
HCH]CCH3), 5.35 (1H, br s, Ar–OH), 4.38 (2H, m, CH2Tr),
4.14 (2H, t, J1,3 6.6, CH2OC(O)C(CH3)]CH2), 4.05 (58H, t, J1,3
6.7, (CH2)4CH2OC(O) and C(O)OCH2(CH2)5Tr), 2.80 (2H, m,
CH2Ar), 2.30 (58H, t, J1,3 7.5, OC(O)CH2(CH2)4), 1.93 (3H, m,
OC(O)CH3C]CH2), 1.50–1.78 (m, OC(O)CH2CH2CH2CH2CH2
and CH2CH2CH2CH2CH2CH2Tr), 1.22–1.50 (m,
OC(O)CH2CH2CH2CH2CH2 and (CH2)2CH2CH2(CH2)2Tr),
1.20–2.70 (signals from estradiol residue overlap with the reso-
nances originating from the polymer backbone, and thus cannot
be unambiguously assigned), 1.04 (3H, s, CH3C).
8: The synthetic protocol is same as for the preparation of 7. 6
(1.00 g, 0.28 mmol), ethynylferrocene (0.18 g, 0.86 mmol), CuI
(0.055 g, 0.29 mmol), TEA (0.16 mL, 1.15 mmol) and THF (9.5
mL) were employed. SECPSS: Mn ¼ 5200 Da, Mw ¼ 5700 Da,
Mw/Mn ¼ 1.1.
dH (300 MHz; CDCl3) 7.44 (1H, s, Tr), 6.08 (1H, s,
HCH]CCH3), 5.54 (1H, m, HCH]CCH3), 4.71 (2H, m, Cp),
4.36 (2H, m, CH2Tr), 4.28 (2H, m, Cp), 4.13 (2H, m, CH2OC-
(O)C(CH3)]CH2), 4.05 (58H, t, J1,3 6.6, (CH2)4CH2OC(O) and
C(O)OCH2(CH2)5Tr), 2.30 (58H, t, J1,3 7.5, OC(O)CH2(CH2)4),
1.93 (3H, s, OC(O)CH3C]CH2), 1.50–1.78 (120H, m,
OC(O)CH2CH2CH2CH2CH2 and CH2CH2CH2CH2CH2CH2Tr),
1.22–1.50 (62H, m, OC(O)CH2CH2CH2CH2CH2 and
(CH2)2CH2CH2(CH2)2Tr).
Preparation of CCS polymers
General procedure. A dried Schlenk tube was charged with
macromonomer, CuBr, toluene, and BDMA. Two freeze-pump-
thaw cycles were performed. Then HMTETA was injected fol-
lowed by two freeze-pump-thaw cycles. Finally, EBiB was added,
and an additional freeze-pump-thaw cycle was performed. The
reaction mixture was allowed to warm up to ambient tempera-
ture while stirring, and then the tube was immersed into a pre-
heated oil bath at 50 C. After various times the reaction mixture
was cooled to room temperature, and exposed to air. The CCS
polymer was precipitated into a large excess of MeOH–Et2O
(1 : 1) mixture at room temperature. The precipitate quickly
sedimented, and the solvent mixture was removed by pipette. The
product was isolated on ﬁlter paper, and washed with the fresh
solvent mixture several times while applying vacuum with
a water aspirator. It was then dried in a vacuum oven at room
temperature until constant weight.
9: 6k (0.20 g, 0.074 mmol), CuBr (0.023 g, 0.16 mmol), toluene
(5 mL), BDMA (0.25 mL, 1.13 mmol), HMTETA (90 mL, 0.33
mmol), and EBiB (16 mL, 0.11 mmol) were employed. The
reaction was carried out for 72 h. SECLS: Mn ¼ 1.13  106 Da,
Mw ¼ 1.61  106 Da, Mw/Mn ¼ 1.43.
10: 3 (0.25 g, 0.075 mmol), 6p (0.51 g, 0.10 mmol), CuBr (0.059
g, 0.41 mmol), toluene (12 mL), BDMA (0.6 mL, 2.71 mmol),
HMTETA (0.22 mL, 0.81 mmol), and EBiB (40 mL, 0.27 mmol)
were employed. The reaction was carried out for 22.5 h. SECLS:
Mn ¼ 1.30  106 Da, Mw ¼ 2.00  106 Da, Mw/Mn ¼ 1.55.
11: A 50 mL two-neck ﬂask was charged with 10 (0.2 g,
0.024 mmol of azide functional groups), ethynylferrocene
(0.016 g, 0.076 mmol), CuI (0.015 g, 0.079 mmol), TEA (0.02 mL,
0.14 mmol) and THF (10.5 mL). The resulting slurry was stirred
at 64 C for 24 h. Then the product was precipitated into large
excess of cold heptane. The solvent was decanted and the product
was washed with heptane twice. It was then isolated on ﬁlter
paper, and washed with the fresh solvent several times while
applying vacuum with water aspirator. The product was dried in
a vacuum oven at room temperature.
12: 3 (0.12 g, 0.036 mmol), 7 (0.25 g, 0.065 mmol), CuBr (0.034
g, 0.24 mmol), toluene (13.5 mL), BDMA (0.33 mL, 1.49 mmol),
HMTETA (0.13 mL, 0.48 mmol), and EBiB (23 mL, 0.16 mmol)
were employed. The reaction was carried out for 20.25 h. SECLS:
Mn ¼ 2.06  105 Da, Mw ¼ 2.65  105 Da, Mw/Mn ¼ 1.29.
13: 3 (0.12 g, 0.036 mmol), 8 (0.25 g, 0.067 mmol), CuBr (0.034
g, 0.24 mmol), toluene (13.5 mL), BDMA (0.35 mL, 1.58 mmol),
HMTETA (0.13 mL, 0.48 mmol), and EBiB (23 mL, 0.16 mmol)
were employed. The reaction was carried out for 16.5 h. SECLS:
Mn ¼ 8.5  104 Da, Mw ¼ 1.16  105 Da, Mw/Mn ¼ 1.37.
14: CCS polymer 12 (0.069 g) and DCM (3 mL) were placed in
a 25 mL two-neck ﬂask equipped with a magnetic stirring bar.
The reaction mixture was stirred in the dark at room temperature
until the polymer dissolved completely. The ﬂask was immersed
into an ice/water bath, and TFA (0.6 mL) was injected. The
mixture was then stirred in the dark for 15 min on the ice/water
bath, and for 2.5 h at room temperature. The product was
recovered by precipitating into a large excess of cold heptane-
Et2O (2 : 1) and isolating on ﬁlter paper. The polymer was
washed several times with the fresh solvent mixture, and dried in
a vacuum oven at room temperature.
Results and discussions
The linear-dendritic macromonomer (di-Boc-L-lysine)G2-b-PCL-
methacrylate (MM 3) has been prepared according to the
synthetic cascade depicted in Scheme 1.
The synthetic procedures follow the algorithm which we have
reported earlier.21 To the best of our knowledge, the macro-
monomer thus obtained has not been documented before. This
synthetic layout bears signiﬁcant beneﬁts of exhaustive charac-
terization of the individual building blocks 1 and 2. The Cu(I)
catalyzed ‘‘click’’ coupling23 affords MM 3 with narrow molec-
ular weight distribution, which implies that the goal product is
obtained without any considerable side reactions. The 1H NMR
spectroscopy conﬁrms near to quantitative reaction (Fig. 1). The
resonance signal originating from the methylene group next to
the alkyne function (i) is shifted downﬁeld, while the peak
attributed to the acetylenic hydrogen disappears completely. The
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resonances o, p, and q that correspond to the methacrylic acid
residue verify the preservation of the vinyl double bond which is
the prerequisite for effectual participation of the macromonomer
in subsequent polymerization reactions. The resonance h has
been ascribed to the triazole proton. The heteronuclear single
quantum coherence (HSQC) NMR experiment has revealed that
h is the combination of two resonance signals that may be
attributed to two regioisomers resulting from the ‘‘click’’ reac-
tion. Formation of two regioisomers is not uncommon when
conducting the reaction in THF.24 The number average molec-
ular weight has been estimated by 1H NMR to be 3340 Da.
Linear MMs N3-PCL-methacrylate (MM 6), E2-PCL-meth-
acrylate (MM 7), and ferrocene-PCL-methacrylate (MM 8) have
been synthesized according to Scheme 2. Synthetic routes leading
to azide functional PCL include nucleophilic substitution of
bromo end group of Br-PCL-OH by sodium azide25 and ROP of
3-CL using azide containing initiator.26 Since the latter carries the
risk of reducing the azide functions by TPP in subsequent Mit-
sunobu coupling of N3-PCL-OH and MA,
25 we follow the path
involving the conversion of bromo end groups to corresponding
azides after the esteriﬁcation reaction (Scheme 2).
ROP of 3-CL initiated by diethylaluminium 2-bromoethoxide
and diethylaluminium 12-bromo-1-dodecyloxide in toluene at
25 C has been carried out with excellent control.25 In a similar
approach, we initially conducted the polymerization reaction in
THF at 62 C employing 2-bromoethanol and Sn(Oct)2 as
initiator and catalyst, respectively. However, poor control over
the reaction, translated into relatively high polydispersity index
(PDI) of 1.24 and unsymmetrical SEC trace, was observed. The
reaction rate was higher than in case of earlier reactions when
different initiators were used.21,22 This may possibly be due to the
inductive effects arising from the close proximity of Br and O in
2-bromoethanol. Indeed, when 6-bromo-1-hexanol was chosen
as the initiator, the polymerization proceeded smoothly with
SEC revealing monomodal, symmetrical trace and low PDI of
1.09. Br-PCL-OH with DP of 22, 29, and 41 has been obtained.
Esteriﬁcation of the hydroxy chain end of 4 with MA was
accomplished byMitsunobu protocol as described earlier.22Near
to quantitative functionalization was attained as judged from 1H
NMR data: resonance signal at 3.62 ppm corresponding to the
methylene next to the hydroxy end group shifted completely at
4.13 ppm. After two-fold precipitation in MeOH, the product
was free from residual TPP. This is important since TPP may
lead to the reduction of azide groups in the reaction concomitant
to the nucleophilic substitution of bromo chain ends by sodium
azide. PDI remained same indicating preservation of the poly-
ester backbone.
Conversion of bromo end groups into azide functions was ﬁrst
conducted as suggested by Teyssie and co-workers:25 Br-PCL-
methacrylate 5 was reacted with 5 equivalents of NaN3 in DMF
at 30 C. The SEC chromatogram of the substituted product
exhibited a small shoulder on the high molecular weight side. We
reckoned that the appearance of the shoulder could be the result
of the nucleophilic attack of the azide anion on the carbonyl
Scheme 1 Synthetic pathway for preparation of linear-dendritic mac-
romonomer. Reagents and conditions: (a) CuI/NEt3, 35
C, THF.
Fig. 1 1H NMR spectrum of MM 3.
Scheme 2 Synthetic pathway for preparation of linear macromonomers.
Reagents and conditions: (a) MA, DEAD, TPP, THF; (b) NaN3, DMF;
(c) 17a-ethynylestradiol or ethynylferrocene, CuI/NEt3, 35
C, THF.
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carbons of the PCL backbone. Therefore, in the next trail 3
equivalents of NaN3 were utilized at room temperature in DMF.
The shoulder, though diminished in intensity, was still present
(PDI ¼ 1.1). The NMR experiments suggested that the extent of
the reaction was near to quantitative, and no fathomable side
products were identiﬁed. This gave birth to the speculation that
the azide groups were reacting with the methacrylic units even at
room temperature. To ascertain or eliminate such a conjecture,
NaN3 was reacted with Br-PCL-OH under identical conditions;
the shoulder was no longer detected. Furthermore, MM 6 dis-
played a limited shelf-life at room temperature. After several
days SEC trace with bimodal distribution was acquired. Tri-
azolines, formed from 1,3-cycloaddition, were identiﬁed after
careful investigation by 1H, COSY, and HSQC NMR experi-
ments. Despite earlier reports regarding relative stability of
methacrylic monomers bearing pendant azide functions at room
temperature, which was attributed to the steric hindrance,27 our
ﬁndings made it obvious that the uncatalyzed cycloaddition took
place during the substitution reaction, though the share of this
reaction was negligible, and then proceeded throughout the
matrix of the isolated MM. This result is somewhat bafﬂing if
taken into consideration fairly low local concentration of the end
functionalities in case of the MM with the molecular weight of
almost 5 000 Da.
Cu(I) catalyzed azide-alkyne cycloaddition (CuAAC) between
6 and 17a-ethynylestradiol or ethynylferrocene28 provides MM 7
and MM 8, respectively (Scheme 2). To the best of our knowl-
edge, participation of the azide end-capped PCL in CuAAC has
been restricted to the synthesis of cyclic PCL.26,29 Neither has
17a-ethynylestradiol enjoyed extensive application in CuAAC
not to mention two fairly recent reports about the synthesis of
E2-peptoid
30a and E2-cyclodextrin
30b conjugates. Hence, MM 7
represents a novel macromolecular architecture – hormone-
synthetic polymer conjugate – built via CuAAC and employed in
ATRP. 6 and 17a-ethynylestradiol or ethynylferrocene were
reacted under similar conditions as 1 and 2. However, 3 equiv-
alents of the alkyne were taken to ensure complete conversion,
and to avoid involvement of the methacrylic moieties in unde-
sirable collateral reactions discussed above. Examination by SEC
did not detect any chain scission or triazoline formation: PDI
remained low (1.1), and the intensity of the shoulder did not
increase. The 1H NMR spectrum of MM 7 displays all the
characteristic resonances (Fig. 2).
The peak at 3.27 ppm arising from the methylene group next to
the azide function has disappeared completely, and the new peak
at 4.38 ppm attributed to the methylene group next to the triazole
ring has emerged. This implies that the coupling was near to
quantitative. Furthermore, resonances at 6.08 ppm, 5.54 ppm,
and 1.93 ppm correspond to the methacrylic acid residue, and
conﬁrm the maintenance of the double bond. The triazole proton
resonates at 7.41 ppm, while the signals designated as l, m, n, o,
and p are ascribed to the E2 moiety. Investigation of MM 8 by
SEC and NMR also rendered excellent results. While SEC trace
convinced in the absence of chain scrambling and azide-meth-
acrylate cycloaddition, the NMR experiment suggested almost
complete functionalization (Fig. 3).
Still oblivious of the fact that methacrylic double bond could
react with azide end group even at room temperature; we
attempted to prepare the ﬁrst type of CCS polymer comprised
solely of the MM 6. CCS polymers with peripheral alkyne
functional groups have been reported earlier.31 If successful, our
approach would generate aggregates with azide functionalities
on the surface. Thus, MM 6k with the DP of 22 was cross-linked
with BDMA via ATRP initiated by EBiB (Scheme 3).
PCL MMs have been scarcely employed in controlled radical
polymerization techniques.32 Therefore, it was necessary to
adjust the reaction conditions in order to increase the MM
conversion while maintaining narrow MWD. The MM conver-
sion was roughly estimated from the peak intensities of RI
detector signal on the SEC chromatogram. Initially the reaction
was conducted in anisole, taking into consideration better solu-
bility of copper(II) complex in polar solvents,4 at 50 C employing
CuBr/PMDETA catalytic complex and low initiator toMMmolar
ratio [MM 6k]0 : [BDMA]0 : [CuBr]0 : [PMDETA]0 : [EBiB]0 ¼
1 : 3 : 0.15 : 0.15 : 0.1. Only 3 equivalents of the cross-linker
(BDMA) were employed to avoid premature gelation of the
reaction mixture. Low MM conversion was achieved in a few
hours, and it did not increase by extending the reaction time. This
was ascribed to the rapid blocking of the initiating sites due to the
core congestion, loss of the active alkyl bromide groups which
has signiﬁcant detrimental impact at such a low concentration of
the initiating moieties, and catalyst deactivation since
Fig. 2 1H NMR spectrum of MM 7.
Fig. 3 1H NMR spectrum of MM 8.
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characteristic color change to bright green was observed. Since
long reaction times encourage star-star couplings resulting in
high PDI, it was desirable to increase the MM incorporation at
the early stage of the polymerization. We improved the reaction
conditions by changing the reaction medium to toluene in order
to enhance the solubility of PCL, replacing PMDETA
with HMTETA to augment the stability of the catalytic
complex, and using the following initial molar
ratios: [MM 6k]0 : [BDMA]0 : [CuBr]0 : [HMTETA]0 : [EBiB]0¼
1 : 15 : 2.25 : 4.5 : 1.5.
The large excess of the cross-linker, favoring gelation, was
compensated by diluting the reaction mixture. Utilizing 1.5
equivalents of EBiB is in dissonance with the scheme proposed
by Matyjaszewski suggesting decreasing the number of initiating
groups to minimize the extent of star-star coupling.7,8 Thus, we
anticipated reaching reasonable MM conversion on the expense
of the MWD: we simply tried to escape wasting of the MMs 3, 6,
7, and 8, because their synthesis involves multiple steps. The CCS
polymer was analyzed by SEC and NMR spectroscopy. The
molecular weight characteristics were determined using light
scattering detector. While PDI was fairly narrow (1.43), weight
average molecular weightMw was estimated to be 1.61 106 Da.
Such a large value forMw has not been reported before.
3–5,7–12We
attribute the formation of such large CCS polymer to the star-
star coupling throughout ATRP facilitated by relatively high
concentration of the initiating sites, the cross-linker with soft
aliphatic spacer,33 and azide-methacrylate cycloaddition reaction
perceived at the later stage of our experiments. The 1H NMR
spectroscopy data suggested the star formation, and preservation
of the certain amount of peripheral azide functions (Fig. 4).
The resonances from the microgel core overlap with those
from the PCL arms, and result in slight broadening at the
baseline. The resonance signals arising from the unreacted
double bonds are barely detected. The peak a corresponding to
the methylene group next to the azide function of the arms has
also been assigned.
The miktoarm CCS 10 was then prepared under similar
reaction conditions: the mixture of the linear-dendritic MM 3
and the linear MM 6p was cross-linked with BDMA. The
structure of the CCS polymer was elucidated by NMR spec-
troscopy. The 1H NMR experiment veriﬁed incorporation of
both arms into the CCS (Fig. 5). Again, almost no unreacted
methacrylic units were observed; resonances from the core were
barely discernible. Signals from the methylene group next to the
azide functionality (c), the methylene group adjacent to the Boc
protected amine functions (b), and methyl groups of the Boc
protection (a) have been identiﬁed together with the peaks
characteristic to the PCL backbone.
SEC trace was not symmetrical (Fig. 6), however it suggested
that precipitation afforded the product free from the unreacted
MMs. PDI of 1.55 andMw of 2.00  106 Da were obtained using
the light scattering detector and THF as eluent.
However, upon standing a few days, the CCS 10 was only
partially soluble in THF and other common organic solvents.
This implies that certain type of cross-linking reaction persisted
in the isolated product. At this point the analysis of MM 6
unveiled azide-methacrylate cycloaddition. This reaction,
provoking the star-star coupling, is responsible for such a large
Mw, broad MWD, and loss of a certain amount of azide end
Scheme 3 Synthesis and derivatization of CCS polymers possessing peripheral azide functions. Reagents and conditions: (a) BDMA, CuBr/HMTETA,
EBiB, 50 C, toluene; (b) ethynylferrocene, CuI/NEt3, 64 C, THF.
Fig. 4 1H NMR spectrum of CCS 9.
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groups. These results opted us for capping the MM 6 with the
desirable moiety by CuAAC before employing it in ATRP with
BDMA. Nevertheless, we decided to derivatize remaining
accessible azide functions of CCS 10 with ethynylferrocene by
conducting the CuAAC in a heterogeneous mixture (Scheme 3).
Ferrocene would assume the role of stain in TEM investigations.
Three-fold excess of ethynylferrocene and CuI were used. The
product was analyzed by NMR spectroscopy. The result, though
inconclusive due to limited solubility of the CCS 11 in CDCl3,
suggested that available azide groups had reacted since the
resonance c (Fig. 5) disappeared, and peaks related to ferrocene
were detected. The heterogeneous mixture of the CCS 11 in THF
was ﬁltered twice through 0.45 mm Teﬂon ﬁlter to remove the
agglomerates of large sizes, and the nanoparticles in the ﬁltrate
were visualized by TEM (Fig. 7). Clusters of the nanoparticles in
the range of 10–20 nmwere observed. Clustering may be ascribed
to the lack of repulsive interactions amongst the coronas of CCS
copolymers. Evidently, ferrocene did not impart signiﬁcant
contrast.
Being confronted by the destructive interference of azide-
methacrylate cycloaddition with the cross-linking reaction, we
utilized MMs 3, 7 and 8 in preparation of miktoarm CCS
copolymers as shown in Scheme 4. Initially, we adopted the
reaction conditions used for the cross-linking of azide end cap-
ped MMs.
As a result, ATRP of the MM 3, MM 7, and BDMA produced
insoluble gel. Dilution of the reaction mixture was the only
adjustment necessary to attain the formation of the goal product
CCS 12. The molecular characteristics estimated by SEC (Fig. 8)
include Mw ¼ 2.65  105 Da and PDI ¼ 1.29 (both were deter-
mined using the light scattering detector). The SEC analysis
revealed that the product did not contain unreacted MMs. Fairly
narrow MWD suggests that the ATRP was under control, and
that the contribution from the star-star coupling was reduced
signiﬁcantly.
The structure of the CCS 12 was examined by 1H NMR
spectroscopy (Fig. 9). The peaks corresponding to the PCL
backbone overlap with the broad signals arising from the
microgel core. This implies that the segmental mobility of the
core has not been arrested completely. The resonances ascribed
to the methyl group of the Boc protection (a), the methylene
group neighboring the Boc protected amino group (b), and the
triazole protons (c) of the MM 3 have been assigned. The MM 7
is represented by the signals attributed to the E2 moiety (d, e, f, g),
and the triazole proton (h). Protons from the unreacted meth-
acrylic units of the core resonate at 5.56 ppm and 6.09 ppm. Since
the intensities of the signals originating from the L-lysine and E2
moieties are rather weak, the composition of the CCS 12 cannot
be unambiguously estimated from the NMR data.
Therefore, TGA has been employed to gain insight about the
ratio and the number of arms of the MMs. The overlay of TGA
thermograms (Fig. 10) allows estimation of the weight fraction of
the MM 3 as follows: the weight loss of 3.7% between 222 C and
272 C is attributed to the decomposition of the Boc protection
groups, and corresponds to approximately 31% of the MM 3.
About 26% weight loss in the temperature range 424–516 C is
Fig. 5 1H NMR spectrum of CCS 10.
Fig. 6 Normalized SEC RI detector signals of MM 3 (B), MM 6p (:),
and CCS 10.
Fig. 7 TEM image of CCS 11 obtained after removal of the insoluble
matter.
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ascribed to the decomposition of the core. Hence, the weight
fraction of the MM 6 is roughly 43%. Obviously these results are
crude estimates; nonetheless, they shed some light over the star
composition. By making use of the following equation:
f ¼WFarms Mw;CCS
Mw;arms
, whereWFarms is the weight fraction of the
arms determined by TGA, and Mw,CCS and Mw,arms are the
weight average molecular weights of the CCS copolymer and the
arms, respectively, it can be calculated that the CCS 12 consists
of on average 24 (di-Boc-L-lysine)G2-b-PCL and 27 E2-PCL
arms. The molar ratio of the incorporated arms is [E2-PCL]/[(di-
Boc-L-lysine)G2-b-PCL] ¼ 1.2, whereas in the initial mixture
[MM 7]0/[MM 3]0 ¼ 1.8. This rift between the initial and ﬁnal
compositions may be explained by higher reactivity of the MM 3
as a consequence of its lower molecular weight.11
Deblocking of the amine functional groups of the L-lysine
dendritic wedges was accomplished by treating the CCS 12 with
TFA21 as shown in Scheme 4. The product CCS 14 was
analyzed with 1H NMR spectroscopy using DMSO-d6 as
solvent (Fig. 11). The resonance a arising from the tert-butyl
groups disappeared completely (a refers to Fig. 9), while the
broad peaks a1 and a2 related to free amine functions were
detected. Moreover, the peak b has shifted upﬁeld, and is now
overlapped with the peak g ascribed to the E2 residue. Other
resonances originating from the E2 unit have been identiﬁed as
well. The signals from the core are somewhat weaker, perhaps
due to the limited solubility of the interior of the CCS 14 in as
polar a solvent as DMSO-d6.
After successful preparation of the CCS 12, MM 3 and MM 8
were subjected to cross-linking with BDMA under similar
conditions. Investigation of the product CCS 13 by 1H NMR
spectroscopy validated integration of both arms in the star
copolymer (Fig. 12).
While the peaks c and g correspond to the triazole protons of
MM 3 and MM 8 respectively, the signals a (tert-butyl) and
b (CH2NHBoc) from the MM 3 and d and e (both related to Cp)
from the MM 8 can be identiﬁed as well. SEC analysis (Fig. 13)
provided the following characteristics: Mw ¼ 1.16  105 Da and
PDI ¼ 1.37 (both values were obtained using the light scattering
detector).
The composition of the CCS 13 was assessed employing the
TGA. Taking the same approach as in the case of CCS 12, the
following weight fractions have been estimated: 45% of the MM
3, 41% of the MM 8, and 14% of the core. Thus, the CCS 13 is
comprised of 15 (di-Boc-L-lysine)G2-b-PCL and 12 ferrocene-
PCL arms. TEM revealed clusters of the CCS 13 without addi-
tional staining (Fig. 14). However, low contrast and star-star
overlaps do not allow precise evaluation of the size of these
nanoparticles.
Scheme 4 Synthesis and deprotection of miktoarm CCS copolymers bearing surﬁcial E2 and ferrocene. Reagents and conditions: (a) BDMA, CuBr/
HMTETA, EBiB, 50 C, toluene; (b) TFA, CH2Cl2.
Fig. 8 Normalized SEC RI detector signals of MM 3 (B), MM 7 (:),
and CCS 12.
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Fig. 9 1H NMR spectrum of CCS 12.
Fig. 10 TGA thermograms of MM 3, MM 7, and CCS 12.
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Conclusions
In conclusion, we have synthesized miktoarm CCS copolymers
consisting of linear-dendritic and linear arms. The cornerstone
for preparation of the MMs is ROP of 3-CL by a functional
initiator and quantitative functionalization of the hydroxyl chain
end with methacrylic unit providing PCL MMs with terminal
alkyne and azide groups. These hetero-telechelic building blocks
elaborated by SEC and NMR spectroscopy exhibit narrow
MWD and high degree of functionality, and represent ﬂexible
and versatile structural elements. A Cu(I) catalyzed ‘‘click’’
reaction has been employed as a robust and effectual tool for
derivatization of these end functionalities with L-lysine dendron –
bis-(di-Boc-L-lysine)-3-azido-1,2-propandiol, and 17a-ethyny-
lestradiol and ethynylferrocene to obtain linear-dendritic and
linear MMs, respectively. Cross-linking of the mixture of the
MMs with BDMA through ATRP allows synthesis of the mik-
toarm CCS copolymers with fairly low PDI. Removal of the Boc
protection affords novel nanoscale aggregates with hydrophilic,
charged surface, targeting motifs, and hydrophobic core that
may serve as excellent candidates for targeted drug delivery.
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